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Abstract
Electric vehicles (EVs) are increasingly envisioned as a promising alternative for conventional
transport systems because of their economic and environmental advantages and technological
enhancements. However, the integration of EVs, the charging stations and other types of electric transport
systems can result in a significant increase in the electric load demand in power grids. Moreover, because
of the atypical aspects of the EVs and other types of electric vehicular systems, additional power quality
issues can arise in the power grids. A thorough investigation is required to determine the optimal capacity
of the electrical networks so that the high penetration of EVs in the distribution systems will not violate
the grid codes and standards. Further, solutions need to be devised to facilitate the integration of EVs in
distribution networks and suitable methods need to be developed to allow the EVs to support the power
grids when connected.
In this research project, a comprehensive study of the existing and potential impacts of EVs on power
systems at medium voltage (MV) and low voltage (LV) levels are carried out using computer simulations
and field measurements. Models, which can replicate the characteristics of the EVs when integrated into
the distribution power systems and the analysis of the interaction between the EVs and the power systems
components, are also developed. Most importantly, approaches for the effective participation and the
optimal integration of EVs and demand management schemes are designed so that the codes and
standards for power quality of the grids can be satisfactorily met. Accordingly, new control strategies are
developed to effectively and efficiently operate the distribution systems under uncertainties, varying
system conditions, and the types and applications of the EVs.
In this context, through field experiments and simulation-based case-studies, the impacts of EVs on
power quality, when connected to balanced and unbalanced distribution systems at different locations,
and with different charge levels, are thoroughly investigated.
An intermediate control unit is proposed for controlling the EV load by modifying the charging power
levels of the mass-produced EVs, accordingly, a home charging management system (HCMS) is designed
and tested. Further, a novel charging control system (CCS) is proposed to meet the major needs of EV
owners in residential areas, limit voltage variations, as a dominant power quality issue on the consumers’
side, and maintain it within the acceptable limits of the power quality standards. In the context of
charging management, the electricity cost can be minimized, whilst the preferences of the EV owners can
be realized and the power quality of the distribution networks can be maintained simultaneously.
Moreover, the impacts of the integration of installed rooftop photovoltaic (PV) system and EV
charging for unbalanced three-phase LV distribution networks are investigated and an adaptable
supervisory control is proposed for the decentralized assignment of the EV charging and also for the
reactive power compensation of the converters of the PVs and EVs to mitigate voltage problems and
unbalances in asymmetrical LV networks. The results from the case studies confirm the effectiveness of
the proposed strategy for demand-side management (DSM) and the alleviation of voltage fluctuations and
unbalance.
The impacts of fast charging stations (FCSs) in public areas are also assessed and a consecutive
horizon-based energy management (CHEM) process is designed for the optimal techno-economic
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operation of the FCSs in power systems. Through multiple case studies, it is shown that the developed
CHEM process can provide lower costs and levelled active power profile for the FCSs, whilst ensuring
that the technical constraints of the power systems can still be met.
Afterwards, a model of virtual power plants (VPPs), comprises the EVs in public areas and the PV
systems, is developed and a methodology is presented to assign organized and economic energy
management for the VPPs and to address the electric constraints for the power systems. The results from
the case studies show that the proposed methods can decrease the cost of energy to the VPPs and
facilitate the integration of the VPPs in power systems under varying system conditions.
A control approach is proposed for the cooperative decision making (CDM) for an electric transport
hub with an eBus fast-charging station and an EV parking lot integrated with solar PV generation and
combined with a battery energy storage system. The effectiveness of the CDM is studied and evaluated
through different realistic scenarios and it is shown that the proposed CDM can organize the demand
management of the integrated system. Whilst, due to the ancillary services acquired by the integrated
system, the grid’s electrical requirements can be effectively managed.
Moreover, the optimal techno-economic operation of the grid-connected traction substations (TSSs) of
an AC suburban metro-line, integrated with solar PVs and BESSs is investigated. A comprehensive
modelling framework is presented that lends itself to use as a robust platform for the realistic modelling
of the TSSs. The framework is utilized to demonstrate the effectiveness of the proposed method for both
the DM and improving the power quality of the TSS, which are validated using different case-studies.
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Chapter 1: General Introduction
1.1 Foreword
Given the significant advantages of electric vehicles (EVs), such as their high efficiency and
environmental benefits, EVs are considered as a promising alternative to conventional passenger vehicles.
The incentive policies for purchasing EVs in many countries, the increasing cost reduction of the EV
batteries and the increased EV driving distance suggest a more widespread utilization of the EVs in the
near future.
However, there are still some concerns against the increased connections of EVs to the distribution
power systems, such as the potential increase of the electric load demand when charging and the
additional power quality issues that can be instigated by the converters of the charging devices. Without
any coordination, there is a potential of having an unexpected peak demand if the user can charge the EV
without considering the power system conditions that can cause grid congestion or reduce the grid
efficiency. An effective charge/discharge control strategy can be devised to mitigate the unexpected peak
demand due to EV charging, while at the same time the EV batteries can also be used to support the
power grid based on the concept of the vehicle to grid (V2G).
To this aim, it is necessary to consider the lifespan of the EV batteries, because the EV batteries are an
expensive and a key part of both battery electric vehicles and plug-in hybrid. The additional and repetitive
charging/discharging cycles required for the V2G services can affect the expected lifetime of the EV
batteries. Furthermore, optimal control strategies for the reduction of the operational cost, for the case
when the EVs are connected in power networks, are needed.

1.2 Integration of Electric Vehicles in Power Systems
The significant challenges of conventional transportation, such as the large dependency of passenger
vehicles to fossil fuels, necessitate more sustainable and safer alternative approaches for transportation. In
comparison with the conventional transportation systems, EVs are viable solutions, as they can enable
daily commuting with adequate speed and with relatively very high efficiency. Moreover, because of the
environmental superiority of EVs, they can provide a more sustainable future alongside renewable energy
sources (RESs). Recent technological improvements in the manufacturing of EV, most importantly, the
technological advancement and the cost reduction in the development of EV batteries, further support the
use of EVs. The application of EVs instead of the fossil fuel passenger vehicles is encouraged in many
countries either through legislation or incentive policies [1]. The number of electric cars on the road
exceeded 5.1 million in 2018 and it is expected that the integration of EVs to the power grid will grow
extensively in the future [1].
EVs can be classified as follows:
•

Battery electric vehicles (BEVs); e.g. Nissan LEAF, Fiat 500e, Tesla Model S.

•

Plug-in hybrid electric vehicle (PHEV); e.g. Ford Fusion Energi, Chevrolet Volt.

•

Hybrid electric vehicle (HEV): e.g. Toyota Prius, Ford Escape Hybrid, Ford Fusion Hybrid.
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In this thesis, the focus is on the vehicles, which can be plugged in power systems and the term, EV,
used in this thesis refers to the first two groups.
Many organizations have prepared standards and guidelines for the connection of EVs to the electricity
grids through the charging infrastructure; among them are the SAE J1772 standard developed by the
Society of Automotive Engineers (SAE) and the IEC 61851 standard developed by the International
Electro-technical Commission (IEC). As this thesis deals with conductive charging, some of the main
definitions in the SAE J1772 standard are presented here.
According to SAE J1772, the conductive system architecture is suitable for use with electrical ratings
as specified in Table 1.1.
Table 1.1. Electrical ratings for charging of electric vehicle based on SAE J1772
Charging Method

Nominal Supply Voltage
(Volts)

Maximum Current
(Amps)

Charger Type

AC Level 1

120 V-AC Single-Phase
120 V-AC Single-Phase

12 A
16 A

On-board

AC Level 2

208-240 AC Single-Phase

≤ 80 A

On-board (with EVSE)

DC Level 1

50-1000 V-DC

80 A

Off-board

DC Level 2

50-1000 V-DC

400 A

Off-board

1.2.1 Electric Vehicle Chargers
Based on the definition of the SAE J1772 standard, the EV charger is an electric device which converts
the AC to a regulated DC energy to charge the battery pack of the EVs. The EV chargers can be
categorized as follows:
•

Based on the location of the charging unit, the EV charger can be (i) On-board or (ii) Offboard.

•

Based on the power flow, the EV chargers can be (i) Unidirectional or (ii) Bidirectional.

The EV on-board chargers are embedded inside the EVs for level 1 and 2 charging, and the off-board
chargers are outside the EV, which provide the energy conversion. Due to the limitations of weight, space
and power rating, high power DC chargers cannot be used in the vehicle as on-board chargers.
In addition to the main charger, other charging components may be utilized for AC charging; including
the electric vehicle supply equipment (EVSE) with its connector, so that for level 2 charging using an
EVSE, the AC power is transferred from the grid side to EVs through the AC lines of the connector and
the control pilot of the connector exchanges information between the EVSE and EV. Unlike the on-board
chargers, the off-board chargers can provide high charging/discharging power that can exceed 100 kW
and it is possible to directly charge or discharge the EVs through the off-board chargers without the
restriction of size and weight. The off-board chargers (such as DC fast charging) are mostly used for
charging with a higher rating.
As indicated before, the V2G technologies require bidirectional power flow and consequently,
bidirectional battery chargers are required. Despite the requirement of bidirectional chargers, at present
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most of the charging equipment, including the on-board chargers in the EVs, can only provide
unidirectional power flow, which means that it is only possible to charge EVs from the grid and it is not
possible to send the power back to the grid. The constant current (CC)/constant voltage (CV) charging
method is widely utilized for EVs [2].
Other classifications have been also considered based on the topology of the converters in the battery
chargers, consequently, EV chargers can be categorized as below:
•

Two-stage or single-stage chargers, and

•

Isolated or non-isolated chargers.

1.2.2 Electric Vehicle Batteries
The EV battery is the key and a high-price component of the EVs that is indispensable for running both
the BEVs and PHEVs [3]-[6]. In automotive applications, the batteries are primarily needed to provide
the continuous power to the electric traction motor of the EVs. However, the EV battery capacity can be
utilized in the V2G applications when the EV is parked and connected to the power grid.
The EV batteries can be categorized based on their technologies and chemical characteristics. Instead
of the battery types that were originally used in automotive applications, e.g. the lead-acid and nickelmetal-hydride (NiMH) batteries, currently, rechargeable storage systems based on lithium-ion (Li-ion)
batteries are widely employed in the EVs. This is due to the outstanding features of Li-ion batteries,
namely; their high-energy-density, less self-discharge rate, long cycle life, low maintenance, improved
safety and relatively high cycle life [3], [7].
The main elements of the Li-ion batteries include the electrolyte, the positive and negative electrodes
and the separator, where the elements are embedded as a package with different types of battery cells,
such as the cylindrical cells, the prismatic cells and the pouch cells [8]. The Li-ion batteries in the
automotive application generally utilize the cylindrical cells. For the cathodes, the LiFePO4 material is
often adopted, due to its safe application and long cycle life, as well as the ternary lithium due to its
capacity advantages. For the anodes, the silicon metal oxides and graphite are generally adopted [9].
The cost of EV Li-ion batteries per kWh can be dependent on different factors, such as the energy
density or W-H/kg rating, the lifecycle and their performance at different temperatures [4]. The expected
development of the battery pack technologies and the increasing production capacity of battery
manufacturing plants show that the EV battery cost can be decreased to 105-120 $/kWh in the near term
[1].
The EV batteries are constantly being discharged or charged during accelerating or during regenerative
energy braking modes. Additional and repetitive charging/discharging cycles of the EV battery occur
when the EV batteries are used for V2G services. This influences the chemical structure and the internal
parameters of the Li-ion batteries and may cause the degradation of the EV battery [3], [4]. The
degradation of the battery can be indicated based on two indices. The first index is the aging of the cycle
life or the decrease of the number of cycles that can be initially provided by the battery [10]. The other
index is the usable energy of the battery, where a portion of the capacity of the battery will gradually fade
[4], [10]. Obviously, for V2G services, in addition to the expenditures of the purchased and sold energy in
the electricity markets, the economical and reliable scheduling of the EV batteries entails taking the
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battery degradation cost into account. For example, it may not be feasible nor economical for an EV
battery with high degradation cost to be discharged to provide its stored energy to the grid, despite the
high electricity prices in the market [11].
In the literature, different indices have been defined to represent the critical states of a battery; amongst
them, the definitions of the state of charge (SoC), the state of health (SoH) and the state of energy (SoE)
are important due to their importance for the optimal charge control strategies of EVs [7].
SoC: The SoC can be defined as the portion of the available capacity (𝒬𝒶 ) in Ah, to the nominal
capacity of the battery (𝒬𝓇 ) in Ah. Various approaches have been introduced for the estimation of the
SoC, e.g. the coulomb counting method and the open-circuit voltage (OCV) based method [7], [11], [12].
Based on the coulomb counting method, the SoC can be represented as in (1.1):
1

𝓉

soc𝓉 =soc𝓉0 + 3600𝒬 ∙ ∫𝓉 (η∙Ib )d𝓉
0

𝓇

(1.1)

where, in (1.1), 𝑠𝑜𝑐𝓉 is the SoC value at time 𝓉 (S), η is the coulombic efficiency and 𝐼𝑏 (A) is the battery
current, respectively [7], [11], [12].
SoE: The SoC can express the capacity state of the battery, however, due to different battery voltages
during the discharge process, the same amount of SoC change at different voltages results in unequal
energy variations [11], [12]. Hence, the SoE can be utilized rather than the SoC, to better represents the
available energy stored in the EV batteries, the SoE can be mathematically presented as (1.2) [11], [12]:
soe𝓉 =soe𝓉0 +

1
3600ℰ𝓇

𝓉

∙ ∫𝓉 (Pb )d𝓉
0

(1.2)

where, in (1.2), 𝑠𝑜𝑒𝓉 is the SoE value at the time 𝓉 (S), ℰ𝓇 is the nominal level of battery energy (Wh)
and 𝑃𝑏 (W) denotes the charging/discharging power, respectively.
SoH: Another index is the SoH that expresses the condition of the EV battery compared to its primary
and ideal condition. The two general methods to measure the SoH of the Li-ion batteries are based on (i)
the capacity fade or (ii) the internal resistance.

1.3 Background of the Problems and Research Motivations
1.3.1 Background of the Charging/Discharging Strategies when Electric Vehicles are integrated in
Power Systems
Many reported research studies are concerned with control strategies for the optimal charging and
discharging of the EVs in power systems [13]-[16]. One obvious approach to lower the electricity cost
and to avoid the negative impacts of the EV’s integration is to charge EVs during off-peak hours based on
electricity tariffs or other pricing schemes [17]. Besides the strategies for the scheduled EV charging, the
concept of the vehicle to grid (V2G) system has been also proposed [18]. Generally, the EVs are parked
most of the time, for example, in Australia, the total average of travel period for passenger vehicle fleet is
69 minutes and it can be assumed that most cars are parked and not in operation for about 95% of the
time [19]. Conforming to the concept of V2G, in addition to the managed charging, some of the stored
energy in the EV batteries can be delivered to the electricity grids during peak demand when the vehicles
are connected to the power systems while ensuring that there is sufficient charge for transport.
Consequently, EVs with V2G capabilities can provide different services including:
•

Shaving the peak load [20],
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•

Improving the power quality of the distributed network supply providers (DNSPs) [21],

•

Reducing the intermittency of renewable energy sources (RESs) and providing better
integration of EVs and RESs [22],

•

Minimizing power losses [23],

•

Maximizing the profits of entities and reducing the charging costs to provide financial
benefits, [24],

•

Increasing the reliability and balancing the power supply and demand in the distribution
power systems by providing ancillary services namely; voltage regulation, frequency
regulation, spinning reserve and operating in backup uninterruptible power supply systems
during power blackouts [25].

There are still some barriers to the wide implementation of V2G systems. First, V2G systems require a
bidirectional power flow between the vehicle and the grid and consequently bidirectional battery chargers
are essential. In addition to the need for the bidirectional power electronic converters, suitable control
systems and monitoring infrastructure should be installed for the V2G applications. Moreover, advanced
bidirectional communication systems for delivering control commands between different entities are
necessary.
Another issue is that the frequent charging and discharging cycles in the V2G system, that is required
for the ancillary services, can affect the lifetime of EV batteries. While the battery packs of the EVs are
initially designed for transportation, the utilization of battery packs for V2G applications, which entails
constant charging/discharging cycles, can significantly lessen the battery lifespan. Moreover, the
numerous charging/discharging of EVs can degrade the lifespan of other charging facilities and vehicles
components. Further, the stakeholders, such as the EV owners, need to be persuaded to participate in the
V2G applications, which can be attained through economic incentives such as lowering the electricity
cost to the entities.

1.3.2 Research Motivations
Different challenges remain to be investigated for the transition to the widespread application of the
EVs. An uncoordinated integration of EVs can significantly cause reliability and power quality issues in
power systems, increase the load demand, raise the power systems losses and result in the overloading of
power systems components at the distribution levels. Another challenge for the widespread application of
the EVs is the need for additional substantial energy to supply the EV batteries from the distribution
power systems. It is also necessary to maximize the monetary benefits for the stakeholders including the
owners of EVs and the electricity providers by reducing the cost for EV charging and by minimizing the
expenditure due to the battery degradation and EV battery replacement.
To this aim, the characteristics of the connected EVs as atypical electrical loads or as mobile energy
storage systems, the uncertainties of EVs’ travel times and the constraints of the power system should be
appropriately considered. Consequently, it is essential to investigate the reliability and power quality
impacts of the EVs’ connection on the distribution power systems, specifically in the weak parts of
distribution feeders so that the constraints of the electric grids are maintained within the required limits.
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Accordingly, suitable control strategies are needed to be devised for the optimal integration of EVs at
distribution power systems that can allow the EVs to provide V2G services to maintain the power quality
of distribution networks and lower the charging cost, while at the same time improve the battery life of
the EVs. Furthermore, EV owners should be persuaded to actively cooperate in adopting such
coordinating measures.
The other motivations of this project are summarized at the beginning of each corresponding chapter.
In Figure 1.1, the configuration for the integration of EVs with different entities in power systems is
illustrated.

Figure 1.1. Configuration for the integration of EVs with different entities in the power system.

1.4 Definition/Statement of Research Project
1.4.1 Main Objectives
In this research project, the power quality and reliability impacts of EVs on distribution power systems
(including MV and LV power systems) will be studied. By adopting the concept of power systems
economics, methods for efficacious participation of EVs to control the power quality and to improve the
operation of distribution power systems will be investigated. The proposed methods should satisfy both
of the following: (i) the preferences of EV owners and, (ii) the constraints and requirements of
distribution electricity grids.
Taking this objective into consideration, this research project pursues to address the following key
question:
What approaches can be devised for the optimal integration of EVs at distribution power
systems to guarantee the power quality of electric networks?
To address this question, it is necessary to devise novel strategies for coordination of EV connection
and charging stations at LV and MV levels.
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Additionally, to fulfil the requirements of the research project, the following questions should also be
answered:
•

What are the existing and potential power quality challenges produced due to the EV
connection on MV and LV distribution feeders?

•

What are the methodologies available to model the load behavior of the EV connection during
the slow AC and fast DC charging with the capability to replicate the EVs’ electric load
characteristics and the uncertainties of plugin time?

•

What are the mutual impacts of EVs and other power equipment, particularly how the EVs
can cooperate with RESs to mitigate their intermittencies?

•

How to utilize the charging equipment of EVs for active and reactive power compensation to
support the power system?

•

How to schedule the participation of EVs with the capability of active/reactive power
compensation to control the power quality of distribution power systems?

•

How to realize both the constraints of distribution systems and the concerns of the EV owners
by utilizing the concepts of the optimal economic operation of the power systems in
decentralized and distributed control methods for scheduling the EVs connection?

The schematic diagram for the optimal integration of EVs in distribution power systems is shown in
Figure 1.2.

Figure 1.2. The schematic diagram for the optimal charge control system of EV for enhancement of
battery life and lowering the charging cost.
As shown in Figure 1.2, for the optimal integration of EVs in distribution power systems, the EVs will
receive information from different units. The charge/discharge control system will acquire the grid
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constraints to optimally address the requirements of the power system. Meanwhile, it is necessary to meet
the concerns of the EV owners, maximize the monetary benefits and maintain the battery life of the EVs,
when the EVs are adopted for V2G service. For this objective, the charge/discharge control system will
also receive the cost parameters from the electricity market, the EVs’ travel patterns from the EV owners
and the EVs’ battery characteristics.

Accordingly, the control

system

will allocate the

charging/discharging rate for the EV chargers connected to power networks.

1.4.2 Key Contributions
In this research, a framework for EV infrastructure integration to power grids has been developed
which will have the following features and unique aspects:
(I)

It comprehensively covers the inherent characteristics of EVs (including the technical specifications
and uncertainties), the technical constraints of distribution power systems and the interaction
between EVs and power systems components.

(II) It controls the level of power quality impacts introduced due to the integration of EVs and charging
stations in the electricity grids in a way that different power quality parameters are maintained
within acceptable limits as per relevant standards. Some of the power quality parameters of interest
include:
a.

Voltage variations, which is known to be a common problem in distribution networks that
contain EVs and distributed generation systems. The phenomena may occur due to the
intermittency of RESs and uncertainty of EV loads. The analyses will comprise addressing
both long-term voltage variations and voltage sag/swell severity associated with weak grids.

b. Harmonics, which arise because of the operation of the converters in charging facilities and
from background harmonic levels (including both low frequency and high-frequency
harmonics).
c.

Unbalances, which can arise because of the asymmetrical loading levels, and the network
asymmetry.

(III) Provide a trade-off between the concerns of EV owners and power quality constraints of
distribution power utilities by intermediation of the economy of power systems.
The other contributions of this project are summarized at the beginning of each corresponding chapter.

1.4.3 Thesis Outline
The structure of the thesis is presented as below;
After the introduction in Chapter 1, Chapter 2 presents the reviews of the reliability and power quality
challenges due to the integration of electrical transport systems into distribution grids, and the possible
solutions and control approaches to mitigate their impacts on distribution feeders.
Chapter 3 presents an intermediate control unit that can directly modify the power levels of the EVs
during AC charging. A home charging management system (HCMS) is also designed employing the
intermediate control unit to minimize the electricity costs to all consumers and meets the requirements of
the EV owners. In this chapter, the different power quality parameters, such as the voltage variations and
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harmonics, due to the integration of EVs in the distribution network, are rigorously derived through field
measurements for a mass-produced EV.
Chapter 4 presents a proposed charging control system (CCS) using hierarchical decision-making
(HDM) approach to minimize the impacts of an uncontrolled integration of EVs and to improve the
power quality in the distribution networks, showing that the HDM approach can deal with varying
system’s states and the uncertainties associated with the EVs and the load profiles. This chapter also
presents a novel domestic EV charging strategy to minimize the electricity cost to the EV owners and a
novel adaptive droop charging control for the real-time operation of the CCS that can address the
unforeseen events such as short-term and long-term under-voltages.
Chapter 5 presents the investigation of the voltage quality of the four-wire three-phase LV distribution
networks (DNs) with rooftop PV systems and EV charging. Different parameters, namely the voltage rise
due to the surplus PV generated power, the under-voltage due to the EV charging power and the voltage
unbalance are assessed. Further, a control strategy is proposed for the reactive power control (RPC) of the
integrated PV-EV converters to improve the voltage quality in LV DNs.
The replenishment of the batteries of the EVs using DC fast-charging stations (FCS), rather than the
AC slow-charging stations, can be regarded as a convenient solution for public areas. In Chapter 6, the
heterogeneous EV fast charging is modelled and assessed, and the active and reactive power control of
the fast-charging stations is proposed. To this aim, a consecutive horizon-based energy management
(CHEM) process is designed for the optimal Watt/VAr control of the FCSs integrated with battery energy
storage systems (ESSs).
In Chapter 7, a model of a virtual power plant (VPP), that comprises the PV system and the EVs’
parking lot connected to a distribution power grids, is developed. Further, a consecutive energy
management (CEM)-based methodology is presented to assign and organize the economic energy
management for the VPP and to address the electric constraints for the power systems.
Chapter 8 describes a proposed IoT based remote control strategy of EV charging loads, where the
photovoltaic (PV) power stations are integrated into the distribution systems to serve the EV charging of
remote premises in a workplace district, that act as a virtual power plant (VPP).
In addition to passenger EVs, a notable portion of the electric energy demand is attributed to supply the
other types of electric transport systems, namely electric battery-powered buses (eBuses) and electric
traction systems.
The operation of an integrated system, which includes an electric transport hub with an eBus fastcharging station and an EV parking lot integrated with solar PV generation and combined with a battery
storage system is investigated in Chapter 9. A supervisory control system is developed to realize the
cooperative decision making of the VPP and to assign the control parameters for the provision of
ancillary services. Moreover, the integrated system can operate autonomously during the real-time
operation to cope with the volatility of the power system based on the optimal predetermined set-points
from the grid agent.
Chapter 10 presents the investigation of the optimal techno-economic operation of the grid-connected
traction substations (TSSs) of an AC suburban metro-line, integrated with solar PVs and battery energy
storage systems (BESSs). A sequential two-layer decision-making process (SDMP) is proposed for the
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demand management (DM) of the unbalanced three-phase system and the improvement of the power
quality of the TSS, where the first layer is dedicated to optimizing the DM and the second layer is
dedicated to compensating the reactive power and to mitigating of the unbalance in the three-phase power
system.
Finally, Chapter 11 presents the Conclusions and further works that can be carried out based on the
research work in this thesis.
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Chapter 2: Literature Review
2.1 Existing and Potential Issues of EV Connection to Power Systems
A high number of EVs connected to distribution electric feeders can significantly increase the load
demand. For instance, the charging demand of a single EV during level 2 charging, slow AC charging,
may double the peak demand of a home [26]. Moreover, the charging of EVs through the distribution
feeders can raise the power systems losses and result in the overheating of distribution transformers [27].
Similarly, it can result in the overloading of distribution lines and cables and precipitate the aging of
electric components [27]. Subsequently, the mass charging of EVs can worsen the reliability of the
distribution power systems.
Given the characteristics of EV loads, such as the uncertainties of their connection/disconnection times,
the analysis and mitigation of the negative consequences of EVs in distribution power systems is
challenging. Reference [28] has studied the impacts of EVs’ charging on transformers’ aging and its
associated economic costs. Reference [29] has concluded that for mitigating the impacts of charging EVs,
it is necessary to increase the capacity of existing transformers or alternatively utilize auxiliary
transformers in distribution networks. Nevertheless, the extra costs of upgrading existing equipment,
makes this approach unattractive. Unlike [29], reference [30] has illustrated that the controlled charging
of EVs can reduce the overloading of transformers and can improve the load profile.
Besides the increasing of load demand in a DNSP, including the MV and the LV power systems, the
charging of EVs can cause power quality issues. As previously stated, EVs are connected to power grids
through chargers during replenishment. However, EV chargers are based on power electronic converters
and they draw harmonic distorted currents from the supply points [15]. The distorted charging currents
and the resulted distorted voltage worsen the power quality of the distribution networks. Further, the
uncoordinated charging of EVs may bring other issues including voltage drop, inter-harmonics and
current and voltage unbalance [31], while there is a necessity to maintain the power quality of power
systems according to the national and international standards for appropriate operation of connected loads
and electric equipment. These problems can be more important for distribution networks with different
types of industrial, commercial and residential loads [32].
In previous studies, the following power quality issues have been reported that are caused by the mass
charging of EVs, namely:
•

Harmonics, inter-harmonics [33].

•

Short duration voltage variation comprising: momentary interruptions, voltage dips, voltage
swells [34].

•

Long duration voltage variation comprising: long interruption, undervoltage and overvoltage
[35].

•

Voltage fluctuation and light flicker [36].

•

Current and voltage unbalance [37].

In [38], the effects of harmonic currents caused by the EVs charging equipment on distribution
transformers have been assessed. According to [38], there is a quadratic relationship between the
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harmonic distortions of chargers’ current and the lifetime of the transformers. Moreover, in the same
work it has been stated that to improve the lifetime of the distribution transformers, the total harmonic
distortion (THD) of load currents should be limited to 25-30%. Reference [39] has studied the power
quality impacts of conductive charging of EVs using EVSE. In this work, field measurements have been
conducted on a three-phase four-wire 380V LV distribution system. The test system in this study includes
six buses with different loads, while one of its buses is dedicated to AC level 1 and level 2 EVSEs. In
[39], the measurements are concentrated on extracting harmonics, inter-harmonics and light flicker,
nevertheless, instead of actual EV charging, passive resistive loads have been utilized. Obviously,
resistive loads cannot effectively emulate the behavior of the commercial EVs during charging.
To understand the load behavior of EVs, rather than using field tests, many studies have utilized
simulation-based techniques to duplicate the connection of a high number of EVs in distribution power
systems. In reference [40], a probabilistic simulation method has been proposed to investigate the power
quality impact of EVs. In this study, the random characteristics of EVs such as their arrival and departure
time, the vehicle charging location and the SoC of EVs have been considered using a Monte-Carlo
simulation-based method. Moreover, a multiphase model of primary and secondary power systems for a
typical distribution network of North America has been used. According to this study, the AC slow
charging of EVs has no significant harmonic distortion effect on distribution networks. Also, it has been
shown that level 1 charging can increase the neutral-to-earth voltage and stray voltage in a distribution
power system of North America, Nevertheless, in this work, only the impacts of home charging of
PHEVs have been investigated, also the impacts of EVs on other power quality indices such as voltage
variations have not been considered.
In addition to the study of the harmonic impacts, some research works are focused on the voltage
quality of distribution networks in presence of EV loads. Whilst, most of these studies are only focused
on the MV distribution system from the distribution substations to distribution transformers, the impact of
EV loads on the LV systems has been less assessed. In [41], Monte Carlo simulations have been utilized
to study the effects of EVs during home charging at both MV and LV distribution levels. Unlike [40], in
[41], the impact of both BEVs and PHEVs with different penetration levels during level 1 and level 2
charging have been assessed. Nevertheless, the power quality studies are limited to the impact of EVs on
voltage deviations and the overloading of distribution transformers. According to [41], the high
penetration of EVs can cause under-voltages, overloading of transformers and voltage imbalances,
although the impact of BEVs on these indices are more severe in comparison with PHEVs. In [41], no
further studies have been undertaken to investigate the harmonic distortions resulted from EVs. In
addition to the previous works, which have investigated the impact of EVs in North America distribution
feeders, in [27] the impact of EV loads has been studied for a European LV distribution network. The
studied system in [27] is 400 V three-phase distribution network, which supplies 25 houses using a 630
kVA transformer. Similar to many other studies, Reference [27] concludes that the charging of EVs can
increase the peak load demand, cause overloading for transformers and rise the voltage drops in LV
distribution systems.
Besides the AC charging of EVs, DC charging through high power off-board chargers is considered as
a viable solution [42], given that EVs can be recharged in less than 30 minutes [43]. Therefore, some
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studies have investigated the impact of fast charging stations (FCSs) and concluded that the high-power
demand of such charging facilities can be more challenging for the existing power systems [44], [45].
In [46] it has been reported that the load demand for fast charging can cause frequency and voltage
disturbances. Furthermore, fast charging can cause increased losses in distribution transformers and
increased harmonic distortions [47]. Reference [48] has assessed the impacts of FCSs comprising the
effects on voltage profiles and transformers loading for a test distribution grid using stochastic models.
Consequently, it has concluded that FCSs can affect the quality of voltages and transformer loading and
the deployment of energy storage systems (ESSs) or static VAr compensators (SVC) has been proposed
in this work. A more detailed study has been accomplished in [49], where long-term field measurements
have been conducted to derive the load behavior model of an EV charging station. The charging station in
[49] has a three-phase 220 V supply system and in addition to AC slow charge of EVs, the DC charging
of Nissan leaf as a commercial EV has been studied in this work. Accordingly, the average charging
power of Nissan Leaf for five minutes intervals has been calculated and a relationship between the
charging power of Nissan Leaf and the SoC level for 5 minutes time steps has been derived. According to
the statistical studies of [49], the SoC of EVs at the beginning of charging and the number of EVs start to
charge at each time interval can be illustrated by Poisson distribution, Roulette wheel selection and
uniform distribution. The same work has validated the accuracy of the proposed load model of EV
charging stations using Monte Carlo simulations. In [50], using field tests and simulations, the harmonic
effects of fast chargers have been analyzed and the results show that fast chargers can have a significant
impact on current THD, hence the utilization of Active power filters (APF) may be essential for charging
stations. However, it should be taken into consideration that the harmonic characteristic is dependent on
the topology of power electronic converters of chargers. Reference [51] has proposed a transformer-less
hybrid series active filter (HSEAF) to improve the power quality of power systems with EVs. According
to [51], in comparison with shunt active filter, HSEAF can be used to mitigate harmonic distortions,
correction of power factor and voltage disturbances including sags and swells with much lower power
rating.

2.2 Strategies for Integration of EVs in Distribution Power Systems
Unlike some other non-responsive loads, nearly all EVs can operate as controllable loads [52], [53].
Further, for the case of EVs with bidirectional charging equipment, the stored energy in EVs can be used
for providing ancillary services. EVs can support the following services in V2G applications:
1) Coordination of the charging power rate, (e.g. for valley filling),
2) Reactive power compensation, (e.g. for voltage regulation),
3) Provision of active power (e.g. for peak shaving).
It is worthy to note that the first two tasks can be also achieved using unidirectional charging
equipment with limited modifications. The first service can be interpreted as the smart charging, for
example, the charging of EVs can be implemented during off-peak times, while conversely during peak
times smart charging may be achieved by peak shaving. EVs can also support reactive power
compensation considering that the converters in the EV recharging equipment are capable of the reactive
power control (RPC) at the connection points to the grids. The RPC is a feasible service for the EV
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charging equipment since it doesn’t intervene with primary operation of the recharging infrastructures for
replenishing the EVs. The RPC can be also less complex than the active power management because it
can be provided and managed, independently for each time-step of the horizon for optimal charging
strategies. Also, both the first two tasks, including the charging management and the reactive power
compensation can be attained without significantly influencing the EV batteries’ charging and the
degradation of EV batteries. Nevertheless, the monetary benefits of these tasks are limited.
Generally, in the simplest form, a PWM rectifier following by a bidirectional DC-DC converter can be
used for providing active power in V2G applications. With such a topology, the charger can regulate the
EVs’ charging/discharging power rate during the plug-in times of the EVs.
The adoption of all these three functionalities for EVs necessitates the application of suitable control
strategies for charging/discharging of EVs in the distribution electric systems. These control strategies
pursue different objectives, where the control objectives can be (i) technical to achieve voltage and
frequency regulation, peak load shaving and valley filling, mitigating the intermittency of renewables,
reducing energy losses, etc. (ii) economic to achieve charging cost reduction, reduction of fossil fuel
consumption, aggregator profit maximization, maximizing the satisfaction of EV owners, etc. (iii) or a
combination of both of them.

2.2.1 Configurations for the Optimal Charging/Discharging Strategies of EVs
The optimal charge or discharge of EVs can be achieved using different structures or hierarchies for
control systems, namely; (1) centralized, (2) decentralized and (3) distributed.
Centralized charging control: In the centralized control method, a central entity (e.g. the EV fleet
operator) programs the optimal charging/discharging schedule and all individual EVs adopt the
coordination commands, considering the technical and economic constraints of the systems and the
preferences of EV owners. Therefore, in this approach, the structure of decision-making is
straightforward and if full knowledge of the system constraints is known, then the optimal
charging/discharging of EVs and the economic and technical objectives can be achieved with minimum
concerns. Consequently, many research works have used the centralized control method [54].
Nevertheless, the effective implementation of the centralized method entails the complete cognition of
EVs characteristics, including their technical specifications such as the charging/discharging rates, the
capacity of EV batteries, the ratings of the EV chargers and the arrival/departure time of EVs. Moreover,
the constraints of power systems, such as the topology of distribution networks and the load demand of
other loads should be determined by the central control unit. Also, when the cost optimization objectives
are taken into consideration, probabilistic approaches should be adopted to cope with the dynamic
electricity prices or tariff zones. Consequently, centralized control methods require extra computational
intensity and additional communication systems and this issue restricts the merits of these control
methods.
Decentralized charging control: In addition to the centralized method, decentralized control methods
are widely adopted in previous literature. In the decentralized control method, the computational
intelligence is distributed between each individual EV or EV aggregator and the decision-making is
executed by EVs locally without any global awareness of other units’ actions. Based on previous studies,

31

two decentralized control approaches can be adopted for EVs, namely (1) the optimized control and (2)
the droop control [55].
In the optimized control method, individual EV coordinates its charge/discharge rate according to the
commands received from other entities, such as EV aggregator or the distribution system operator (DSO).
Hence, this technique still needs the exchange of information regarding electricity prices, EVs trips, or
grid constraints between the DSO or the EV aggregator and the EVs. In the droop control method, EVs
will modify the charging or discharging schedule according to the local measurements, for example, EVs
can be utilized for voltage or frequency regulation only based on local measurement without
communication systems.
Distributed charging control: The distributed method can be interpreted as a hierarchical
decentralized control or a connective control between the decentralized and centralized methods. In this
architecture, no central control unit is utilized but intermediate layers exist in the control structure and
different entities participate in the control process. As a result, the decision-making is implemented
between different intelligent entities according to the hierarchy of the control system, and accordingly, the
charge/discharge of EVs is coordinated. This structure reduces the data exchange between aggregation
entities and EVs and improves the simplicity and scalability of the system. A widely adopted approach for
distributed coordination is the multi-agent system (MAS). In MAS, to reduce the complexity of control
problems, the autonomous entities, agents, undertake subtasks while they cooperate with each other in an
environment.
In [56], the centralized coordination of EVs charging has been proposed to minimize power losses in
residential electricity grids. Moreover, to address the uncertainties of residential load profiles, stochastic
programming technique has been presented and the application of quadratic and dynamic programming
has been studied. According to [56], the impact of PHEVs on the performance of power systems
including both the power system losses and the power quality is considerable, although, with the
centralized control of the charging of PHEVs, it is possible to reduce the losses and voltage deviations in
distribution grids. In the proposed approach of [56], the requirement that the EVs should be fully charged
before their departure time should be also fulfilled, however, no other incentives have been taken into
account for further encouragement of EVs owners for participating in the charging coordination.
Similarly, Reference [57] has presented a centralized charging control system for the integration of EVs
in the LV distribution networks. The main objective of the charging control in [57] is to decrease the
voltage deviations and to reduce the overloading of power system equipment, particularly the thermal
loading of transformers. To mitigate the uncertainties, especially the unpredictable behavior of EVs, a
multi-period rolling optimization approach has been used in [57]. Reference [57] has also taken the
unbalance of LV distribution power grids into account by implementing three-phase unbalanced load
flow. Nevertheless, the effective implementation of this method entails the prior knowledge of the LV
system topology and also EVs characteristics.
In [58], a centralized method has been proposed for the utilization of a large number of EVs for
supplementary frequency regulation, where an EV aggregator calculates the frequency regulation capacity
and the expected V2G power for individual EVs or EVs in charging stations. Furthermore, Reference [59]
has presented a centralized method to coordinate the charging and discharging of EVs batteries, which
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can mitigate the intermittency of RESs while considering the requirements of EV owners. However, the
optimization problem has been considered to be deterministic, which needs the precise forecast of loads
demand and the energy production of RESs, also the optimization should be repeated during the schedule
period for mitigating the forecast errors or updating the energy demand of EVs. Besides, for better
participation of EVs, EV owners should determine their charging request one day ahead.
Reference [60] has proposed a decentralized algorithm for the optimal charging of EVs for valley
filling. In the proposed algorithm in [60], the charging process of EVs is updated according to the control
signal received from the utility company in each iteration. Subsequently, the paper shows that the
proposed algorithm can converge to the optimal charging, while the charging optimization will be
coordinated by each EV locally with low computational intensity. In [61], a decentralized control strategy
for primary frequency regulation has been proposed to maintain the SoC of EV batteries. Similarly, in
[61], a decentralized V2G control method has been presented for the participation of EVs in primary
frequency regulation considering the charging demands of EVs, where, when the EV owners are willing
to maintain the SoC level of their EVs, an adaptive droop control has been designed to hold the SoC of
EVs participating in the frequency regulation scheme. Further, another control strategy has been
developed based on the plugging duration and the expected SoC of each EV when EVs demand charging
power. The performance of this method has been assessed for a power system with random loads and
wind power generation through simulations and the paper shows that it can improve the frequency
control.
In addition to the previous works on decentralized control method, the droop control has been adopted
in [62] and [35], to utilize EVs for voltage and frequency control in distribution power systems. In [62],
the capability of EVs with droop chargers have been studied for an LV residential grid with a high
penetration of Photovoltaics (PVs). In [62], droop charging and peak load shaving are combined, so as for
each EV the plugging time and the expected SoC level should be considered. Afterwards, during the
charging period, the charging powers of each EV are specified according to the droop behavior. This
charging power is compared with the minimum power needed to fully charge the EV before its departure
time. In the case that the specified charging power is lower, the charging power will be modified for the
next time slots to fully charge the EV. In [62], it has been illustrated that using the proposed method, the
voltage deviations never exceed the set limit by the droop charger, and using the proposed voltage
management, the voltage unbalances can be mitigated, also the peak power always remains under the
distribution transformers ratings.
In reference [63], similar to [35], the droop characteristics have been taken into consideration for the
charging of EVs. The application of a smart droop-charging controller for EVs with unidirectional
chargers for providing ancillary services including the congestion management of transformers loading,
primary frequency regulation and voltage control has been assessed using field studies. The thresholds of
the services can be set by the system operator and the controller can be switched to provide each of these
services. Subsequently, the accuracy and the time response of the proposed controller have been studied
for three mass-produced EVs connected to an LV network. According to [63], [64], the sensitivity of the
EV battery management system to temperature and SoC and the discrete droop charging characteristics
can affect the accuracy of the proposed controller. It should be noted that in [63], the desired SoC level

33

has not been taken into account for EVs and the capability of the proposed controller has not been
verified for a more detailed electricity network.
Regarding the distributed control of EVs, a MAS controller has been presented for the real-time
management of EVs battery charging in [65]. Such a system can manage the EVs charging according to
the electricity prices and the electric network constraints, and to deal with the uncertainties, the charging
schedules can be adapted according to the short-term forecasts.
2.2.2 Classifications of the Optimal Charging/Discharging Strategies of EVs
In addition to the structure of the control systems, the strategies for the integration of EVs in
distribution power networks can be classified based on several aspects, for example, the chronology for
scheduling the EVs’ integration in power systems. In this context, the reported approaches on optimal
charging/discharging control of EVs can be categorized as; (i) single-level method, e.g. day ahead or realtime schedule of EVs, or (ii) multi-level method, e.g. two-level schedule of EVs. In multi-level methods,
the integration of the EVs is scheduled or modified at different chronological levels, while the
coordination measure can pursue similar or independent control objectives at every temporal level.
Subsequently, the hierarchy, the constraints or the length of temporal intervals would be specified based
on the control objectives of multi-level methods.
To solve the optimization problems of charging/discharging control strategies of EVs, considering the
objective functions and the constraints of the optimization, different mathematical techniques have been
adopted in previous works, which can include linear programming, e.g. mixed-integer linear
programming (MILP), nonlinear programming, e.g. quadratic programming or other mathematical
methods, e.g. game theory, also population-based metaheuristic optimization methods, e.g. genetic
algorithm (GA) or particle swarm optimization (PSO).

2.3 Development of the Analytical Models of EVs
Currently, the economic and technical impacts of the integration of EVs in power systems can be
negligible. Nevertheless, the integration of EVs with high penetration levels has been foreseen for the
near future; thus, comprehensive models including acquisitive models of EVs, analytical models for the
economic participation of the EVs in restructured electricity markets and test frameworks of MV and LV
systems need to be developed. To this aim, the following requirements should be fulfilled. The electric
models of EVs should pervasively illustrate the electric characteristics of EVs (which is considered
unconventional), namely;
•

The power consumption behavior of EVs while connected through charging equipment.

•

The power flow dynamics of charging equipment (which can be unidirectional/bidirectional).

•

The capacity of EVs’ batteries and the rate of change of the State of Charge (SOC) while
charging/discharging.

•

The upward and downward acceptable charging/discharging power at different SOC levels
(these limits will be derived based on the former characteristics or historical data).

Furthermore, to illustrate the availability and variability of EVs, the following features should be
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considered:
•

The connection/disconnection time.

•

The frequency of use.

•

The initial and the desired SoC levels.

Comprehensive and detailed models should be also developed for power grids where these models
should provide the capability of systems under different conditions, for instance during different states
(transients, short and long duration), and for different topologies (e.g. unsymmetrical or unbalanced threephase grids). Besides, the developed models are required to be capable of providing the study of the
reciprocal impacts of different electrical elements in distribution power systems. The developed models
should be also capable of illustrating the economic operation of the entities in power systems. The
developed simulation frameworks are subsequently used for, 1) studying the impacts of integration of
EVs in power systems and also, 2) verifying the effectiveness of proposed solutions for the optimal
integration of EVs in MV and LV distribution electric systems.
In Figure 2.1, the framework for the modelling and the analysis of the optimal integration of EVs in a
power system is depicted.

Figure 2.1. Framework for the modelling and the analysis of the optimal integration of EVs in a power
system.

2.4 Batteries of Electric Vehicles
2.4.1 Battery Modelling
A comprehensive analysis of an EV battery in V2G services necessitates the adoption of accurate
battery modelling. Authentic battery models (BMs) are initially essential to tune the parameters of the
electric circuits of EV battery chargers. The BMs are also needed to estimate the battery voltage and
current and determine the control variables, e.g. the charging power, for the optimal charge control
strategies of the EVs. Moreover, the BMs can be adopted to investigate the battery capacity fade and
lifetime and assign the degradation cost of the EV batteries, accordingly [3].
The electric circuit model (ECM) shown in Figure 2.2 can be intuitively utilized for the dynamic and
transient studies of EV batteries during the charging and discharging process. The parameters of the
model in Figure 1.2 can be defined as multivariable functions of the SoC, the depth-of-discharge (DoD),
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the charge rate (Cr), the discharge rate (Dr) of the battery, the temperature and the aging levels of the
batteries [3], [7].

Figure 2.2. ECM for Li-ion batteries in EVs.
𝐶/𝐷

where in Figure 2.2, 𝑉𝑜𝑐
𝐶/𝐷

𝑅1

𝐶/𝐷

and 𝐶1

𝐶/𝐷

is the open-circuit voltage, and to extract the parameters of ECMs, e.g. 𝑅0 ,

, different approaches such as the pulse charge/discharge tests or the iteration-based

optimization techniques have been proposed [3], [7].

2.4.2 Battery Degradation Cost
The degradation of Li-ion batteries needs to be considered for the effective and reliable participation of
EVs in the V2G services [51]. The degradation of batteries can notably attenuate the main operation of
the BEVs for transport applications. Also, the battery degradation can increase the emissions from the
PHEVs because of the additional pressure on the combustion engines of these types of EVs. The cycling
conditions and the state parameters have major effects on the degradation of the Li-ion batteries. More
particularly, the energy capacity, the cycle life and subsequently the degradation of Li-ion batteries
mainly depend on the temperature and the application of battery, also the DoD, the SoC, the Cr and the
Dr [66].
Temperature can have drastic impacts on the capacity and the cycle life of the battery [66], influencing
the chemical nature of the Li-ion battery. More power can be obtained from a Li-ion battery at high
temperatures, which is interpreted as the increased battery capacity at high temperatures. However, when
a Li-ion battery is used at high temperatures, the expected cycle life of the battery significantly decreases.
The datasheet of Li-ion batteries provided by the battery manufactures can be used to obtain the
regression models that show the dependence of the battery capacity and the cycle life on the ambient
temperature.
It has been shown that the cycle life of the Li-ion battery is vigorously sensitive to the value of DoD, as
such the critically high values of the DoD can eventuate a lower cycle life for a battery [66]. Empirical
analysis can be utilized to identify the nonlinear relationship between the DoD and the cycle life of the
Li-ion battery. Taking the cycling data of different types of Li-ion batteries into account, logarithmic or
exponential models have been used for curve fitting to demonstrate the effects of the DoD on the battery
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cycle life [66], [4]. The extreme high or low values of the SoC and the rise the internal impedance of the
Li-ion batteries can eventually result in the battery capacity fade [10]. Meanwhile, the SoC can be
expressed based on the amount of the DoD, for instance, according to a definition for the DoD, one
complete cycle of the battery is expressed as the discharging of the battery from (SoC = 1) to (SoC = 1DoD) followed by charging the battery again to SoC = 1 [66].
The value of Cr that is more than 1 can diminish the energy capacity of Li-ion batteries, nonetheless,
the overall effects of the Cr/Dr can be negligible [10].
The impacts of every charging and discharging cycle on the battery degradation for a Li-ion battery can
be analyzed irrespective to the previous battery cycles [10]. In that case, it is plausible to account the cost
of the battery degradation in terms of the price per transferred battery energy, e.g. $/kWh, for the optimal
charge control strategies of the EVs. The dominant components of the degradation cost for Li-ion
batteries can be the DoD and the temperature [10].
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Chapter 3: Direct Control of Plug-in Electric Vehicle
Charging Load Using an In-house Developed Intermediate
Control Unit
3.1 Foreword
Unscheduled charging of a high number of Plug-in Electric Vehicles (PEVs) can raise the peak electric
load and affect the Power Quality (PQ) of the distribution power grids. This necessitates devising novel
solutions to support the power grids when PEVs are being charged by controlling the PEVs’ charging
load. In this chapter, an intermediate control unit for the commercial battery chargers is developed inhouse, that can directly control the PEV charging load by modifying the power levels during AC
charging. Furthermore, field measurements are conducted to investigate the impacts of mass-produced
PEVs on the Point of Common Coupling (PCC) during charging by the developed unit with different
power levels. Furthermore, a Home Charging Management System (HCMS) that employs the developed
unit is designed. The results from the field experiments together with the model-based case studies
demonstrate that the developed unit can be readily adapted for direct control of the charging loads of
mass-produced PEVs, without the modification of the existing recharging equipment. Moreover, in the
context of charging management, the electricity cost can be minimized, whilst the preferences of the PEV
owners can be realized and the PQ of the distribution networks can be maintained simultaneously.

3.2 Nomenclature
l∈ℒ

The index, set of the buildings.

t∈T

The index, set for the buses with three-phase loads in the LVDNs.

k∈K

The index of the time-steps for the scheduling time.

Ich

The maximum available charging current.

D

The duty cycle of the PWM signal.

Pl nonflx (t )

The power demand of the nonflexible loads at time t.

Pl PEV (t )

The charging demand of the connected vehicles at time t.

k

The real-time price (RTP) or the dynamic price.

Enltotal
,k

The total energy demand of load l.

PnPEV
,k

The charging power of PEV n.

N l ,k

The number of the connected PEVs in building l at time-step k.

h

The length of each time-step.

I lnonflx
,k

The total current of the nonflexible loads.

I nPEV
,k ( D)

The charging current of PEV n, at time-step k.

I lrated

The rating of the main cable that supplies building l.
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SoCnPEV
,k

The SoC of the PEV n at time-step k.

nPEV

The efficiency of the charger of PEV n.

SoCnPEV
,tplgin / tplgoff

The SoC amounts at the connection/disconnection times of PEV n.

SoCnPEV
,suff

The sufficient SoC of PEV n.

μ,σ2

The mean and the variance for the normal distribution function.

Vg

The rms value of the supply voltage at the PCC.

Vmin/max

The allowable minimum and maximum rms values for voltages.

THDV g

The voltage THD.

k2U

The voltage unbalance factor for the three-phase voltage in distribution systems.

THDmax , k2U,max

The corresponding allowed limits for the voltage THD and the voltage unbalance
in the relevant standards.

3.3 Background
Plug-in Electric Vehicles (PEVs) are envisioned as safe and reliable successors for conventional
vehicles, given their significant economic and environmental advantages and recent technological
improvements. It is expected that the integration of Plug-in Hybrid Electric Vehicles (PHEV) and Battery
Electric Vehicles (BEV) will increase significantly in the near future in many countries [67]. For instance,
in Australia, the share of PEVs is expected to exceed 15% of the total new vehicle sales after 2020 [68].
Such high prevalence of PEVs requires investigation of their impact on the electricity grids, given that the
uncoordinated charging of PEVs can significantly increase the load demand, raise the losses in the power
systems and can cause overloading of power systems’ components at the distribution levels [27].
Beside such impacts, when a high number of PEVs are connected to distribution feeders through power
electronic-based charging equipment, the PEVs may cause Power Quality (PQ) disturbances e.g.
harmonics, inter-harmonics, voltage dips, voltage swells, long-duration voltage variations, voltage
fluctuation, light flicker and current and voltage unbalances [33], [35], [36]. In this context, considering
the characteristics of the PEV loads, such as the uncertainties of their connection/disconnection times, the
analysis and the mitigation of the negative consequences of PEVs in distribution power systems is highly
challenging. Further, the connection of PEVs in the distribution system will add to the PQ disturbances
generated by the connection of different nonlinear residential and industrial loads or the integration of
distributed generation systems. This can cause further deterioration of the PQ in the distribution systems.
Therefore, it is essential to investigate the impacts of the PEV connection on the distribution power
systems so that the PQ of the electric grids are maintained within the required limits.
In [38], the impacts of harmonic currents caused by the PEVs’ charging equipment on distribution
transformers have been assessed. Moreover, in the same work it has been stated that to improve the
lifetime of the distribution transformers, the Total Harmonic Distortion (THD) of load currents should be
limited to 25-30%. Rather than using the field tests, many studies have utilized simulation-based
techniques to duplicate the connection of a high number of PEVs in distribution power systems. The
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authors of [40] analyzed the impacts of PHEVs on the PQ of a typical distribution network of North
America. The study considered the random characteristics of PEVs such as their arrival and departure
times, the vehicle charging location and the State of Charge (SoC) of the PEVs using a Monte-Carlo
simulation-based method.
In addition to the studies, which have investigated the impact of PEVs in distribution feeders, some
research studies have been dedicated to presenting the potential technological solutions or strategies for
the mitigation of the aforementioned negative impacts of PEV charging [15]. It is envisaged that besides
avoiding the negative effects of the unscheduled charging, by proper coordination of the PEVs’
integration, the connected PEVs can provide other capabilities, e.g. frequency regulation, for the
electricity networks. Nonetheless, in the case of the coordination of the PEVs’ integration, it is essential
to control the charging and discharging rate of the PEVs; however, practical methods for the modification
of the charging and discharging power of the PEVs are scarce in the existing literature.
Authors in [69] presented a charging/discharging strategy for voltage support in distribution networks,
where depending on the electric power flow at the connection point and the SoC of the PEVs, the PEVs’
charging/discharging rates would be dynamically regulated. Although, the authors demonstrated the
utilization of this strategy in a simulated distribution network, hardware implementation of such a strategy
has not been reported. Besides, the simulated behavior of PEVs during different states has been assumed
to be identical which needs further assessment of more complex scenarios encountered during real
operating conditions.
Unlike [69], an infrastructure for the dynamic power control of the PEV battery chargers has been
proposed in [70]. The infrastructure included a bidirectional battery charger and a communication system,
so as the charging current of the bidirectional charger could be dynamically adjusted according to the
information transmitted from the electrical switchboard at the Point of Common Coupling (PCC). Also,
the authors in [71] presented five operation modes for the bidirectional battery chargers of PEVs,
including two novel operation modes for controlling the chargers’ current and also the compensation of
harmonics and reactive power. The implementation of these operation modes was verified through
experimental works using a prototype that consisted of a bidirectional charger with an ac–DC front-end
and a DC-DC half-bridge converter [71]. Accordingly, the PCC voltage or the charging current could be
controlled considering the assigned operating modes. The case studies in [70], [71] however, were mainly
conducted using a prototype or simulations for a single PEV and the potential impacts of a higher number
of PEVs remained to be investigated by further simulations and field tests.
In another study in [72], a fully decentralized controlled charger for PEVs has been proposed to
mitigate the impacts of PEV charging on electric networks. Using a Fuzzy logic control and based on the
measured parameters, e.g. the grid voltage and the SoC of the PEVs battery, this charger has been shown
to regulate the charging current of PEVs [72]. Moreover, a new control strategy for an off-board threephase battery charger, consisting of an ac-DC converter connected to multiple DC/DC converters for the
regulation of distribution grids voltages and the vehicles’ charging power, has been proposed in [73]. The
voltage regulation could be achieved using the AC/DC converter, and the control of the charging power
of PEVs was applied for the DC-DC converters.
Clearly, such off-board charging equipment can be merely adopted for PEV charging in commercial
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areas. Despite the different services that can be achieved by controlling the active power using the
bidirectional PEV chargers, the frequent charging and discharging can cause the degradation of the
battery of the PEVs. Instead, the PEV chargers can be only used for reactive power control that would not
significantly affect the normal charging or the battery lifetime of the PEVs. To this end, in [74], the
concept of using unidirectional PEV chargers to provide reactive power compensation for PQ
improvement has been assessed through experiments and simulations. Further, the capability of
bidirectional PEV chargers for reactive power control has been assessed through experimental works
using a prototype in [75].
In general, although various methods have been proposed to enable widespread adoption of PEVs by
supporting the power grids, the worthiness of the majority of these solutions have been only verified
through prototyping or simulations, whilst, the realistic behavior of PEVs, when connected to the grid is
far more complex. Moreover, successful realization of these methods entails the use of additional
equipment, such as bidirectional chargers, which are rarely available commercially, or a major
modification of the available onboard chargers in the mass-produced PEVs. In [76], a method has been
described for the controllable charging of mass-produced PEVs based on the IEC 61851 standard. The
principle of this method is to adopt an entity located between the Electric Vehicle Supply Equipment
(EVSE) and the PEVs. Accordingly, a micro-controller unit has been developed that is remotely
controlled via the mobile communication system. This micro-controller can be installed for every PEV to
provide multiple power levels during the connection to the power systems. In the study in [76], several
tests have also been carried out to verify the safe and convenient operation of the proposed microcontroller. However, the study was limited in the applicability of such a controller for the implementation
of the charging management strategies. Another key limitation of the existing works is that the economic
implications of the integration of such approaches have remained largely unaddressed. Therefore, it is
unclear how to encourage the PEV owners to adopt and abide by such systems, which impose further
costs for the required additional infrastructure. Furthermore, the impacts of implementing control
methods for modifying the charging or discharging rate on the PEVs and the PQ parameters of the
distribution network have been scarcely addressed.
In this chapter, an intermediate control unit is proposed for controlling the PEV load by modifying the
charging power levels of the mass-produced PEVs. The previous work of the authors [52] on direct
control of PEV charging load is extended in this chapter and further details for the implementation of the
developed intermediate control unit to support the power grids are presented. An approach for multiobjective load control that addresses the load forecast’s errors and utilizes the developed unit is presented.
Accordingly, a Home Charging Management System (HCMS) is designed and tested. Further, the PQ
impact of the PEVs during charging, when connected to unbalanced distribution systems at different
locations, and with different charge levels, is thoroughly investigated. As such, the key contribution of
this chapter can be summarized as follows:
● An intermediate control unit is developed that can directly modify the power levels of the AC

charging. The unit can be effectively adopted between the PCC and the PEV so that it will not entail
either embedment of any atypical facilities or modification of the existing recharging equipment.
● The intermediate control unit also provides test points to check the control signals and to monitor the
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PQ parameters at the PCC. This can be a synergetic factor to facilitate the implementation of charging
management systems for maintaining the PQ of the distribution networks.
● Taking the constraints of the adopted method for controlling the charging rate into account, an

HCMS that employs the intermediate control unit is designed. The designed HCMS can address and
model the uncertainties of the load forecast, whilst it minimizes the electricity costs to all consumers and
meets the requirements of the PEV owners, simultaneously.
● Instead of adopting prototyping in a laboratory environment or simulation-based studies, the

implementation of the developed unit is evaluated for a commercial battery charger embedded in a massproduced PEV using various field studies.
● Moreover, unlike the majority of earlier studies, different PQ parameters, e.g., voltage variations and

harmonics are derived rigorously through field measurements for a mass-produced PEV. Furthermore,
based on the realistic simulation-based case studies, the impacts of the PEV charging in the distribution
systems are comprehensively analyzed.
● According to the case studies, the developed unit can be effectively implemented to control the

charging power levels of PEVs. Also, in the context of charging management, the cost of electricity will
be minimized and the preferences of the PEV owners can be realized. Meanwhile, the PQ of the power
grids will be improved through load shifting.

3.4 The Proposed Direct Control of PEV Charging Load
3.4.1 Integration of PEVs through AC Charging
Many organizations have prepared standards and regulations for the connection of PEVs to electricity
grids through charging infrastructure. Among them, the SAE J1772 and IEC 61851 standards are widely
used for the conductive charging of PEVs. In this context, the configuration in SAE J1772 has been
presented for the transfer of power from the electric supply to the on-board charger using a cord-set for
level 1 or using an EVSE for level 2 charging. In this configuration, there is a Control Pilot (CP) circuit
for the convenient connection of the PEV to the charging facilities. The application of the CP comprises
the confirmation of the vehicle’s connection, verifying the preparation of the EVSE/cord-set and vehicle
for charging, determining the necessity of indoor ventilation and specifying the EVSE current capacity.
All these are implemented through the levelling of the voltage and the change of the duty cycle of a Pulse
Width Modulation (PWM) signal at the CP, as follows:
There are two switches in this configuration namely, S1 and S2, where S1 is located in the charging
equipment and S2 is located in the PEV side. Normally, the charging equipment generates a static +12 V
signal and S2 is open. Upon the connection of a PEV, because of a resistor, R3, the static signal drops to
+9 V. The charging equipment will sense this voltage drop and it will start to generate a 1 kHz PWM
signal by switching switch S1. Subsequently, the closing of S2 in the vehicle switches on another resistor,
R2, which will reduce the positive portion of the voltage at the CP to +6 V. In this case, the charging
equipment will sense the requirement of the PEV for the AC energy transfer and it will then start
transferring energy from the grid side to the vehicle. Also, there can be a 270 Ω resistor in this
configuration to pull down the voltage to +3 V in case the PEV’s battery emits hazardous gases. This
operation will inform the charging equipment that the ventilation is necessary. At the end, when the PEV

42

doesn’t need any further energy transfer, the switch, S2, at the vehicle side will be opened again. This will
raise the positive portion of the voltage to +9 V again and then after the PEV disconnection, the voltage
produced by the charging equipment will go back to the static +12 V signal. To determine the current
capacity during replenishment, the charging equipment communicates with the PEV by modifying the
duty cycle of the generated 1 kHz square wave on the CP pin. To be able to conform to an external signal
or to consider the power grid limitations at the supply point side, the duty cycle of the PWM signal will
be modified. After that, the on-board battery charge controller in the vehicle interprets the PWM signal
and regulates the upper margin of the charging current drawn from the supply point, proportionally, as
presented in (3.1).
0.6  D

I ch (D)= 
( D − 64 )  2.5

10%  D  85%
85%  D  96%

(3.1)

where, in (3.1), Ich is the maximum available charging current in Ampere and D is the duty cycle of the
PWM signal.
3.4.2 The Proposed Intermediate Control Unit
Based on the concept of the CP, an in-house intermediate control unit is proposed and developed to
modify the charging power levels of PEVs and also to monitor the PQ indexes during the PEVs
connection to the power systems; the circuit schematic of this unit is shown in Figure 3.1.

Figure 3.1. The circuit schematic of the developed intermediate control unit.
The intermediate control unit includes the modules to provide the connection of a PEV to charging
equipment for normal and controlled charge and also the points for monitoring the PQ of the supply
power. As depicted in Figure 3.1, the unit replicates the operation of a PEV during charging at stage 1,
where, by switching S'2, it is possible to connect/disconnect the transfer of energy from the grid side to
the PEV. Following this at stage 2, there is a 12 V DC supply and a controllable PWM generator in the
developed unit to emulate the operation of the CP in the charging equipment, where, by switching S'1,
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which is equivalent to S1, upon the connection of the PEV the user can choose to start replenishing of the
PEV. Moreover, the user can manually assign the current capacity for the connected PEV by adjusting the
controller of the PWM signal generator during the charging. Besides, as shown in Figure 3.1, there are
two test points connected to L1 and L2 and a wire loop for L1 for measuring the AC supply voltage and
current. Likewise, through test point 3 and test point 4, it is possible to monitor and check the duty cycle
of the generated signal by the controllable PWM generator. The unit has been tested previously to ensure
that it would not cause any damages to the charging equipment and PEVs, and also to verify that it could
successfully control the charging power of the PEVs. The generalized configuration for the utilization of
the proposed control unit is illustrated in Figure 3.2.

Figure 3.2. The configuration for the utilization of the intermediate control unit.

3.5 The Home Charging Management System Using the Intermediate Control Unit
3.5.1 Implementation of Charging Management Strategies Using the Developed Intermediate
Control Unit
An HCMS is designed that employs the developed control unit for the direct control of the PEV load,
the working principle of HCMS is described as follows:
Suppose l ∈ ℒ and t ∈ T are the indices of the buildings and the PEVs’ charging horizon time, while ℒ
is the set of buildings in a distribution power network. The total power demand for each building at time t
is given as (3.2):
Pl total (t ) = Pl nonflx (t ) + Pl PEV (t ), l  , t  T

(3.2)

where, in (3.2), Pl nonflx (t ) is the power demand of the nonflexible loads or the essential loads that cannot
be rescheduled or shifted, and Pl PEV (t ) is the charging demand of the connected vehicles at time t in kW,
respectively.
The main objective of the HCMS is to minimize the cost of electricity to each building during a 24hour scheduling time, this objective is presented as (3.3):
min O1 =



k

 Enltotal
, k , l 

k

44

(3.3)

where k ∈ K is the index of the time-steps for the scheduling time,  k is the real-time price (RTP) or the
total
dynamic price in $/kWh and Enltotal
,k is the total energy demand of load l in kWh at time-step k. Enl ,k is

clarified as (3.4):
nonflx
Enltotal
+ EnlPEV
, k = Enl ,k
, k , l  , k  K

(3.4)

nonflx
where Enltotal
+ EnlPEV
, k = Enl ,k
, k , l  , k  K is the energy demand of the charging PEVs as the only

flexible consumers of building l.
The power demand of all the consumers of building l is considered to be constant during time-step k,
likewise, the charging current and the power of the PEVs is almost constant for each time-step, therefore
Enltotal
,k is written as (3.5):
nonflx
Enltotal
+
, k = ( pl ,k

N l ,k

P

PEV
n , k )  h,

l  , k  K

(3.5)

n =1

where n ∈ N is the index of the PEVs, PnPEV
, k is the charging power of PEV n, Nl,k is the number of the
connected PEVs in building l at time-step k and h is the length of each time-step in an hour.
The scheduling of the PEVs’ integration according to (3.3) can motivate the PEV owners to adopt the
HCMS, whilst it will also help the Distribution System Operator (DSO) since the low prices customarily
correspond to the times with low electricity demand. Nevertheless, the charging of the PEVs merely
based on (3.3) may create a peak demand at the time-step with the lowest RTP. Given such a problem,
besides the cost function in (3.3), a quadratic function is defined for load shifting as (3.6):
min O2 =



( plnonflx
+
,k

N l ,k

P

PEV 2
n, k ) ,

l 

(3.6)

n =1

k

As a result, the multi-objective minimization problem can be presented as (3.7):
PEV
PEV
min O( PnPEV
, k ) = [O1 ( Pn,k ), O2 ( Pn,k )], l 

(3.7)

The minimization problem in (3.7) can be solved using heuristic optimization techniques e.g. Particle
Swarm Optimization (PSO). Due to the adopted method for controlling the charging power, PnPEV
, k in (3.7)
can only be assigned to be 0 or a value between the minimum and the maximum charging power of PEV
n as (3.8).
PEV
PEV
PnPEV
,min  Pn, k  Pn,max , n  N , k  K

(3.8)

Moreover, the constraint in (3.9) should be fulfilled for the total load that flows through the main cable
to each house.
I lnonflx
,k

N l ,k

+

I

PEV
n,k ( D)

 I lrated , l  , k  K

(3.9)

n =1

where, in (3.9), I lnonflx
and I nPEV
,k
, k ( D ) are the total current of the nonflexible loads and the charging current
of PEV n, at time-step k, in Ampere, also I lrated , in Ampere, is the rating of the main cable that supplies
building l.
The following constraints should be also fulfilled for the HCMS:
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PEV
PEV
SoCnPEV
 h  PnPEV
, k = SoCn, k −1 + n
,k

(3.10)

PEV
PEV
SoCnPEV
,tplgin  SoCn , k  SoCn ,tplgoff

(3.11)

PEV
SoCnPEV
,tplgoff  SoCn ,suff

(3.12)

PEV
where, in (3.10), SoCnPEV
is the efficiency of the
, k is the SoC of the PEV n at time-step k and  n
PEV
charger of PEV n. Furthermore in (3.11), SoCnPEV
,tplgin and SoCn ,tplgoff are the SoC amounts at the

connection/disconnection times of PEV n. Besides, in (3.12), SoCnPEV
,suff is the sufficient SoC of PEV n
before the disconnection time that is assigned by the PEV owners.
3.5.2 Charging Optimization Considering the Uncertainties
Because of the uncertainties of the nonflexible loads and the charging demand of the PEVs, a rolling
optimization technique is adopted [57]. By using this approach, the charging of the PEVs can be
controlled according to the real-time and the forecasted information. The structure of this technique is
presented in Figure 3.3. The duration of each time-step and the length of the optimization time horizon in
Figure 3.3 is considered to be 0.5 h (30 minutes) and 12 h, respectively. Hence, each optimization time
horizon includes 24 time-steps. Also, it is considered that at each time-step, an updated forecast of the
power demand of the nonflexible loads and the RTP is available based on the historical data for the next
optimization time horizon. The same consideration can be taken into account for the PEVs, as an
example, in the case of the connection time of the PEVs, the arrival or equivalently the plugin time of
PEVs can be presented by a normal distribution function as (3.13) [21]:
f (tplgin ) =

− (tplgin −  )2

1

 2

e

2 2

(3.13)

where μ and σ2 are the mean and the variance for the normal distribution function.
Based on the concept shown in Figure 3.3, only the variables of the first time-step are accepted, hence
PnPEV
,k

and its corresponding charging rate ( I nPEV
, k ) are determined for the current operational time-step.

Then according to (3.1), the required value of the duty cycle is assigned for the connected PEVs and
using the intermediate control unit the value of the duty cycle is modified. Afterwards, the forecasted
values are updated for the next optimization time horizon. This process will continue until the end of the
24-hour scheduling time.

Figure 3.3. The structure of the rolling optimization technique for the HCMS.
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3.6 Case Studies
Given the notable charging power of a high number of PEVs and the load changing during the
connection/disconnection of PEVs, voltage variations are very likely to occur. Also, the chargers of PEVs
are based on power electronic converters and they draw harmonic distorted currents from the vehicles’
connection points. Besides, a notable part of the equipment in distribution systems is nonlinear loads. The
distortions generated by different nonlinear loads in addition to the harmonic currents of the PEV
chargers, further deteriorate the voltage quality in distribution power systems. Therefore, the voltage
quality, i.e. the voltage variations/distortions, is an important factor to maintain in power grids.
Otherwise, the normal operation of different electric appliances cannot be realized and the power losses in
electric equipment will increase [77]. In this regard, the constraints in (3.14), (3.15) and (3.16), should be
fulfilled for the 95th percentile 10-minute values measured in a week [77].
Vmin  V g  Vmax

(3.14)

THDV g (%)  THDmax

(3.15)

k2U (%)  k2U,max

(3.16)

where, in (3.14), V g is the rms value of the supply voltage at the PCC, and Vmin and Vmax are the
allowable minimum and maximum rms values for voltages. Furthermore, THDV g is the voltage THD and
k2U is the voltage unbalance factor for the three-phase voltage in distribution systems, meanwhile,

THDmax and k2U,max are their corresponding allowed limits in the relevant standards, respectively.
As a result, there is a clear necessity to control the charging load of the PEVs and also to study the
impacts of the PEVs on PQ during charging, through both field experiments and simulations. In this
context, as mentioned in Section II, the PEVs can be charged with different power levels using the
proposed intermediate control unit based on the SAE J1772 standard; nevertheless, the load characteristic
and the harmonic behavior of PEVs can be different at each power level. Because of the importance of
maintaining the voltage quality, the focus of the case studies regarding PQ in this study is to assess the
impacts of PEV charging with different power levels on the voltage quality, including both voltage
variations and harmonic distortions, on power systems.
3.6.1 Field Experiments
The PQ parameters of a PEV during the AC charging are derived through field measurements. The
technical specifications of the utilized PEV are presented in Table 3.1.

Table 3.1. The Specifications of the PEV Utilized for the Case
Studies
PEV Model
Battery
On-board charger

BMW i3 2017
94 Ah/33 kWh, lithium-ion
7.4 kW

The utilized PEV can illustrate the impacts of a mass-produced PEV during AC fast charging at its
supply point, considering the power rating of its on-board charger. It is worthy to note that the adopted
PEV provides five different charging modes conforming to the rating of the charging facilities; these
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modes include three modes for the AC slow charge and two modes for the AC fast charge through the
EVSE with higher charging powers. To extract the load characteristic of the PEV during the charge with
the maximum current capacity, the PEV with an initial SoC equal to 30 % was fully charged through an
EVSE. The EVSE is a CT4000 ChargePoint recharging facility that provides the AC level 2 charging
through two SAE J1772 ports with a power up to 7.2 kW for PEVs. During the PEV connection, a Hioki
PW3198 PQ analyzer recorded different PQ indexes including the voltage and the current characteristics
and the harmonic distortions. The charging power and current of the PEV during the full charge test are
shown in Figure 3.4. Figure 3.4 shows that the charging power and current are almost constant for about
90% of the charging time. This is because the PEV is charging in Constant Current (CC) mode, whereas,
in the Constant Voltage (CV) mode, the charging power and current are decreasing as illustrated in Figure
3.4. The amplitudes of the different harmonic orders of the charging current during the full charge test are
depicted in Figure 3.5. In Figure 3.5, a sudden increase is observed for the 15th harmonic, this
phenomenon could be due to the harmonic distortions from the background in the grid. The field
measurements have been conducted at the ac supply point of the PEV charging equipment, whilst several
other nonlinear loads are supplied at other nodes in the LV feeder. In that case, the harmonic currents
from these nonlinear loads, such as welding machines, can be propagated through the LV feeder and can
cause the distortions of the supply voltages at the LV networks. As a result, the supply voltage does not
have an ideal sinusoidal waveform. Similar large spikes have also been observed for the 15th harmonic,
even during the cases when no PEV was being charged at the PCC.

Figure 3.4. The charging power and current of the PEV during the full charge test.

Figure 3.5. The amplitudes of different harmonic orders of the charging current during the full charge test.
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Despite the harmonic distortions of the charging current, the voltage THD did not exceed the set limits
in the relevant standards during the full charge test, as the 95% index for the voltage THD is only 1.72%.
This value means that the voltage THD did not exceed 1.72% for 95% of the observation time [78].
Moreover, the individual harmonic voltages did not violate the specified limits of the IEEE 519-2014
standard. Regarding the rms value of the supply voltage, during the full charge test, no voltage sag or
swell was observed. The PQ parameters for the PCC voltage during the full charge test are tabulated in
Table 3.2.
Following the full charge test, the application of the developed unit for controlling the charging power
of the PEV was assessed. Furthermore, the PQ impacts of the PEV during charging with different
power/current levels were derived. For this objective, the following procedure was carried out;
While both switches on the unit were OFF, the equipment was set up, a multi-meter and a PQ analyzer
were installed and connected to the unit through test point 1 and 2 to measure the supply voltage and also
to capture the PQ parameters during the measurement. Besides, an oscilloscope was utilized to monitor
and control the PWM signal generated by the intermediate unit. As shown in Figure 3.2, the EVSE was
connected through its charging cable into the inlet of the unit located between the EVSE and the PEV and
afterwards the unit was plugged into the PEV. The setup for the test equipment is illustrated in Figure 3.6.

Figure 3.6. The test setup for the measurements of different charging levels using the developed
intermediate control unit.
Upon the connection of the intermediate control unit to the EVSE and the PEV, S'1 and S'2 were
switched ON at the same time. By doing this, the PEV would be charged, while the charging
power/current level can be assigned using the PWM controller. To ensure that the PEV is only charged in
the CC mode during the measurements, the initial SoC of the PEV was only 10% at the beginning of the
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test. It is necessary to take into account that the maximum duty cycle of the modified PWM signal should
be less than the original PWM generated by the EVSE. This value was 40% for the original PWM signal
at the time of this test which essentially limited the maximum charging current to 24 A. Subsequently, the
charging power/current of the PEV was changed in 1 A steps by adjusting the controller of the PWM
generator. Figure 3.7 shows the different charging currents obtained by adjusting the PWM signal
produced by the unit during the test. Furthermore, the harmonic charging currents, also the THD of the
supply voltage and the THD of the charging currents are illustrated in Figure 3.8 and Figure 3.9,
respectively. The duty cycle values to assign the charging currents during the test agree with the
associated values obtained by (3.1). However, it was observed that for duty cycle less than 16.67%, which
is associated to a charging current equal to 10 A, the decrease of the duty cycle would not change the
charging current anymore. This issue is presumably because of the two charging modes defined for the
PEV in the AC fast charge. Instead of choosing the maximum mode, the reduced mode was chosen for
the PEV and the unit started to change the charging current of the PEV again. Nevertheless, the PEV did
not follow the duty cycle values determined by SAE J1772 in this mode.
The duty cycle of the modified PWM signal was maintained for 10 minutes to extract the PQ indexes
of the PEV for each charging level during 10-min intervals, except for the charging levels equal to 8 and
9 A, where for these values the control of the charging current was challenging. Hence, for the last
charging levels, the measurements were carried out for shorter intervals, e.g. 1 minute, and repeated for
several times. In addition to this issue, variations can be observed for each charging level, as an example,
an under-shoot over 2 A is observed in Figure 3.7 when the charging current was assigned to be 15 A. A
similar phenomenon has been reported for another type of PEV in [63]. These issues can be due to
various factors: firstly, the PWM signal generator in the developed unit is not ideal and it is assumed that
the duty cycle would change smoothly when set by the controller. Furthermore, as discussed in [63], the
duty cycle only assigns the upper limit of the charging current, and in practice, the current may not be
precisely set to this value. Besides, the charging current can be dependent on other factors such as the
temperature and the SoC of the PEVs battery [63]. As depicted in Figure 3.8, the PEV could demonstrate
different harmonic characteristic for each charging level. In Figure 3.8 and Figure 3.9, the harmonic
distortions increased with the reduction of the charging current for the charging level equal to or greater
than 14 A. Then, the current THD dropped suddenly; however, it increased again with the decrease of the
charging current. Similar to the full charge test, a sudden increase of the 15th harmonic can be seen in
Figure 3.8 that affected the current and the voltage THD as shown in Figure 3.9. Nevertheless, the voltage
THD remained approximately constant during the test and it did not violate the stipulated value
recommended by the IEEE 519-2014 standard. Likewise, the individual harmonics did not violate the
required limits during the test. It is worthy to note that no significant voltage variation was seen during
the test. The PQ parameters of the PCC voltage during the charging using the intermediate control unit
are given in Table 3.2.
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Figure 3.7. The different charging currents obtained by adjusting the modified PWM signal during the
test.

Figure 3.8. The harmonic currents for the PEV charging with different levels during the test.

Figure 3.9. The THD of the supply voltage and the THD of charging currents during the test.
Table 3.2. The PQ Parameters of the PCC Voltage
Full charge test
The minimum rms value
The 95% index of the voltage variations
The maximum THD value
The 95% index for the voltage THD

0.970 pu
2.800%
3.730%
1.717%

Charging using the intermediate
control unit
0.970 pu
2.834%
3.190%
1.821%

Considering the field studies using the proposed control unit, the PEV load characteristics can be
observed, the PQ effects can be monitored and the PEV load can be controlled.
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3.6.2 Network Modelling and Simulations
To demonstrate the impacts of the PEV when integrated into distribution systems, the HCMS presented
in Section III is assessed through modelling and simulation. The detailed control schematic logic to utilize
the proposed intermediate control unit for the HCMS is shown in Figure 3.10. The test system for the
simulation case studies is an unbalanced LV feeder with different residential loads [79]. In Table 3.3, the
rating values of the transformer in the test grid are presented.

Figure 3.10. The detailed control schematic logic to utilize the proposed intermediate control unit for the
HCMS.
It is considered that in every house there is a PEV of the same type as the one utilized in the tests and
measurements. The buildings’ load profiles and the random values of the PEVs, e.g. the connection times
and the SoC are derived using the method in [52]. Besides, the electric load model of the PEV is
developed as a harmonic current model using the extracted characteristics during the field measurements.

Table 3.3. The Rating Values of the Transformer in the Test Grid
Rated Capacity
800 kVA

Voltage
11/0.416 kV

Frequency
50 Hz

Resistance of the windings
0.4%

Reactance of the windings
4%

Because of the home charging of the PEVs, the maximum charging current is determined to be 16 A.
The efficiency of the PEVs’ charger ( nPEV ) and SoCnPEV
,suff are considered to be 90% and 100%,
respectively. The studied case spans over 24 hours and includes two scenarios; the unscheduled case that
no charging management system is applied and the case with the HCMS. In the second case, it is
considered that all PEV owners behave responsively and set their arrival/departure times and the initial
SoC of their PEVs for the HCMS. Besides, it is assumed that the forecast of the required energy for other
nonflexible loads is available for each building, while the HCMS receives the forecasted RTPs for the
next optimization time horizon from the DSO at each time-step. It is worth mentioning that the dynamic
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electric prices are based on [80]. Regarding the energy demand of nonflexible loads, similar to [57],
random values are added to/subtracted from the actual energy demand of nonflexible loads to demonstrate
the errors of the load prediction for every time-step. Also, random times that are greater than the charging
times of the PEVs in the unscheduled case are assigned for the disconnection times of 25 PEVs in the
case with the HCMS, for the rest of the PEVs, it is assumed that they remain connected until the end of
the scheduling time. The optimization problem in (3.7) is solved using the PSO technique. Afterwards,
according to the integration of the PEVs and the load profile of the other loads, the harmonic power flow
is performed. The average of the rms values of voltages and the voltage THD at the connection points of
all buildings, for the unscheduled case, (the case that all PEVs are charged with the maximum power
upon their connection) and the case with the HCMS are illustrated in Figure 3.11 and Figure 3.12,
respectively. In Figure 3.13, the most intensive values of the voltage variations during the charging
scheduling time are shown.

Figure 3.11. The average of the rms values of voltages at the connection points of all buildings.

Figure 3.12. The THD of the average voltage at the connection points of all buildings.
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Figure 3.13. The highest values of the voltage variations during the charging scheduling time for all
buildings.
It can be observed that following the scheduling of the PEVs integration, the fluctuation of the rms
values of voltages is drastically less intense for the case with the HCMS, see Figure 3.11. Moreover, as
shown in Figure 3.12, the distortions of average voltage are slightly less in the case with the HCMS.
However, the increases of harmonic distortions are observed in the second case. This is related to the
change of the charging current, considering that the charging power and subsequently the charging
current of the PEVs are controlled according to (3.7). Nonetheless, as shown before, with the change of
the charging current, the harmonic characteristics of the PEV can vary depending upon the PEV and the
charger technologies.
The voltage variation at the connection points of all buildings is decreased for the second case in Figure
3.13. The PQ parameters of the supply voltage for the buses with the most critical voltage variations, and
the parameters of the three-phase voltage at the LV side of the distribution transformer, during
simulation-based case studies, are given in Table 3.4 and V, respectively. Clearly, after adopting the
HCMS, the PQ parameters of the voltages are improved for loads in all phases, see Table 3.4. Whilst, in
none of the cases, the three-phase voltage at the LV side of the distribution transformer is affected
considerably, as presented in Table 3.5.

Table 3.4. The PQ Parameters of the Voltages for Loads 47, 50 and 52
Unscheduled case

The minimum rms value
The maximum THD
value

With the HCMS

Load 47

Load 50

Load 52

Load 47

Load 50

Load 52

0.949 pu

0.937 pu

0.924 pu

0.965 pu

0.950 pu

0.954 pu

1.438%

2.520%

2.058%

0.921%

2.520%

1.622%
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Table 3.5
The PQ Parameters of the Voltages for the LV Side of the Transformer
Unscheduled case

With the HCMS

Phase A

Phase B

Phase C

Phase A

Phase B

Phase C

The minimum rms value

0.995 pu

0.996 pu

0.997 pu

0.998 pu

0.998 pu

0.998 pu

The maximum THD value

1.070%

1.307%

1.062%

0.831%

0.791%

0.824%

K2U

0.331%

0.183%

As expected, the total cost of charging for 24 hours is $31.68 for the unscheduled case whereas it is
only $19.54 for the case with the HCMS. The profile of the total power demand of both cases in the test
LV network, also the RTPs are presented in Figure 3.14. Given the charging demand of the PEVs, also
the high demand of nonflexible loads during the evening time, a peak load can be seen in Figure 3.14 for
the first case. Unlike the unscheduled case, in the second case, the load profile is more flattened due to
the implementation of the HCMS, this is also following the RTPs since the charging load of the PEVs is
mainly shifted to the time-steps with lower RTPs. As a result, by implementing the intermediate control
unit for the charging management of PEVs, it is not only possible to avoid the adverse impacts of the
high-power demand of the PEVs, but the PQ of the electricity networks can be drastically improved and
the preferences of the PEV owners can be provided.

Figure 3.14. The profile of the total power demand of both cases in the test LV network and the RTPs.

3.7 Summary
In this chapter, an in-house intermediate control unit to control the PEV charging load has been
developed and tested. The developed unit can directly modify the power levels of the AC charging. The
PQ impacts of the PEVs during the AC charging were studied through field measurements. To this aim,
the PQ parameters of a mass-produced PEV were derived for the full charge test with a maximum
charging power and also for the AC charge test at different power levels using the developed intermediate
control unit. According to the field studies, the PEV can have different harmonic characteristic at each
charging power level. The utilization of the developed intermediate unit was also assessed for scheduling
the integration of the PEVs in distribution power networks through simulation. To this aim, an HCMS is
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designed so that the intermediate control unit is utilized for controlling the charging power levels.
According to the case studies, the developed unit can be easily adapted for controlling the charging power
levels of PEVs. Moreover, in the case of charging management, it can meet the preferences of the PEV
owners and it can improve the PQ of the distribution networks. For future work, other PQ impacts of the
PEVs, e.g. inter-harmonics and high order harmonics, during different charge levels can be investigated.
Besides, the developed intermediate control unit can be used to control the charging rates of the PEVs
according to the different charging management strategies that can be embedded in the demand side
management in the power grids.
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Chapter 4: Coordinated Charging Control of Electric
Vehicles while Improving Power Quality in Power Grids
Using a Hierarchical Decision-Making Approach
4.1 Foreword
The connection of electric vehicles (EVs) to a distribution power system can result in an increase of the
electric load demand and a decrease in the power quality (PQ) of the power system due to the charging
current of the EV chargers. It is necessary to devise novel strategies for the coordination of the EVs’
connection at the distribution level. Although different control methods have been proposed previously,
most of these solutions require costly advanced infrastructures and computational resources. In this
chapter, a charging control system (CCS) using a hierarchical decision-making (HDM) approach is
devised that can be easily applied for the economical and reliable charging of commercial EVs with
minor modifications while improving PQ in power grids. The HDM approach includes a primitive energy
management strategy and an adaptive droop control for the real-time operation. Moreover, a thorough
investigation on the integration of EVs and their impacts on the voltage quality of the distribution
networks, specifically the voltage deviations, has been carried out and the effectiveness of the proposed
CCS has been assessed. The results from the case studies show that the CCS can satisfy the preferences of
the EV owners, maintain the voltage deviations within the acceptable limits of the PQ standards while
improving PQ of distribution electricity grids.

4.2 Nomenclature
A. Sets and Indices
The index/set of the time-steps for a 24-hour charging horizon.

/

 

The index/set of time resolution for the RTCC level.

nv/Nv

The index/set of the EVs available at each node.

n/N

The index/set of the nodes at the LV network.

B. Parameters
l

The length of each time-step (h).

Δ𝜏

The time interval duration (h).

πℓ/π′ℓ

The actual/forecasted electricity price at time-step ℓ (¢/kWh).

n

The efficiency of the charger of EV nv (%).

v

xnmin/rated
v

The minimum/rated charging current of EV nv (A).

Pnmin/rated
v

The minimum/rated charging power of EV nv (kW).

J nrated

The rating of the incoming feeder to each node (kVA).

socnint/req

The Initial/desired SoC level for EV nv (%).

socncrv

The SoC level for EV nv, when the charging varies from the CC mode to the CV mode

v
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(%).

capnbat
v

The battery capacity for EV nv (kWh).

 nreq
v

The required energy to fully charge EV nv (kWh).

tnarrv

The arrival time of EV nv (h).

tndep

The departure time of EV nv (h).

U nom

The nominal Voltage (kV).

Vnmin/max
v,

The minimum/maximum bound of the voltage deviations defined for the droop system

N vtotal

The number of the available EVs at each node.

L

The number of time-steps for the charging control horizon.

d nv / Dnv

The driven mileage and maximum range of EV nv (Mile).

μarr/μdst

The mean of the distribution for the PDF of the EVs’ arrival time and the EVs’ driven

v

for EV nv at time-step ℓ (pu).

mileage.
2
2
 arr
/  dst

The variance for the PDF of the EVs’ arrival time and the EVs’ driven mileage.

bnv ,

The indicator of the connection/disconnection state of EV nv at time-step ℓ.

bnv ,

The estimated indicator during the PCS level to determine the connection/disconnection
of EV nv at time-step ℓ.
The estimated total complex power of different loads, except the EVs, at each node at

jn,

time-step ℓ (kVA).
C. Variables
xnv ,

The charging rate of EV nv at time τ.

Pnv ,

The delivered power to EV nv at time τ (kW).

xnv ,

The scheduled charging rate of EV nv at time-step ℓ.

Pav

The average power demand for each node for the charging control horizon (kW).

Pnv ,

The scheduled charging power of EV nv at time-step ℓ (kW).

socnv ,

The SoC level for EV nv at time τ (%).

V nph,

The estimated rms voltage at the supply point of node n at time-step ℓ on phase ph (pu).

Vnp,h

The rms voltage at the supply point of node n at time τ on phase ph (pu).

Cnv

The cost of the delivered energy to EV nv at the PCS level (¢).

xndv ,

The droop charging rate of EV nv at time τ.

n ,

The delivered energy to EV nv at time-step ℓ (kWh).

 n

The scheduled energy to deliver to EV nv at the PCS level (kWh).

v

v
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4.3 Background
The anticipated growth in the numbers of electric vehicles (EVs) connected to the distribution networks
(DNs) can lead to increased reliability and power quality (PQ) issues. More specifically, the
uncoordinated EV charging with a high penetration level can cause under-voltages, overloading of
transformers and voltage imbalances in the low voltage (LV) systems, dominated with various loads
and/or renewable energy sources (RESs) [31], [35], [41], [77]. Suitable control systems are needed to
schedule the integration of EVs [81], [82]. These control systems can be categorized by the structure or
the hierarchy of the control systems.
A centralized method has been proposed for optimizing the cost of EV charging in [57], where the
inverse Jacobian matrix has been used as a network sensitivity index to form the constraints for the
voltage changes in LV systems. However, the inverse Jacobian matrix varies with the operating point of
the power system and the calculation of such a matrix is a time-consuming process. In [54], a centralized
method based on consecutive energy management (CEM)-based methodology has been presented that
assigns the economic planning of the energy consumption/production of a parking lot integrated with
solar photovoltaic (PV) units. In all the reported studies on the centralized methods, the load flow and the
optimization should be performed by an EV aggregator, which raises the complexity and the
computational burden of the system, also all the centralized control methods are vulnerable to cyberattacks.
In a decentralized method, the computational intelligence is distributed to each individual EV and the
decision-making is carried out by the EVs locally without any global awareness of the other units’
actions. The authors in [82], have proposed the utilization of decentralized EV charging to diminish the
voltage rise due to the excessive energy generated by the solar PV systems. Reference [35] has combined
the distributed method based on the charging of EVs using droop controller with a strategy for the peak
load shaving for a case of an LV unbalanced three-phase residential grid. Similarly, a distributed voltagefeedback controller has been proposed in [83], and the authors have shown that after the voltage
regulation, the overloading of power lines and the feeder losses can be reduced. However, the economy of
the power systems has not been considered in [35], [82], [83], although this can be a motivating factor to
encourage the adoption of the coordination methods for EV charging. Furthermore, in [35], [82], [84], the
distribution system operator (DSO) has no control over the charging of the EVs. In [22], [85], reactive
power droop control strategies have been proposed to mitigate the voltage variations and unbalances in
LV networks using the limited capacity of EV and PV converters. A multi-time horizon-based model
predictive control (MPC) along with a Volt/VAr droop control for a decentralized real-time operation has
been proposed in [86]. In this regard, the MPC can address the uncertainties in the EVs’ behavior for the
prediction-based real-time smart charging methods [86], [87]. Nevertheless, the R/X ratio of the cables
can be relatively high in the DNs and the Volt/VAr droop control for maintaining the grid constraints may
not be efficacious enough and it can increase the grid losses [15]. Furthermore, the reactive power control
(RPC) cannot be easily achieved for the available EV chargers with power factor correction (PFC)
converters [88]. Meanwhile, The RPC can necessitate the resizing of the limited capacity of the EV
chargers and additional control systems for the decoupled regulation of active and reactive power
components.
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A decentralized fuzzy controller for EV charging that considers the EV owners’ requirements and the
system voltage limits has been proposed in [89]. However, the controller requires a multi-group time-ofuse tariff with critical peaking (MTOUCP) definition. The authors in [90] have proposed a distributed
charging method for minimizing the charging cost of EVs. The approach to solve the distributed problem
is a consensus-based method that requires the information exchange with the neighboring agents. The
two-stage scheduling, that includes a day-ahead scheduling as the first-stage and a real-time optimization
as the second stage, has been also proposed for the economic operation of the power networks with EVs
[91]. It is not clear how the technical constraints or the PQ measures of the DNs can be met by adopting
the methods in [90], [91]. A combined approach of the centralized and decentralized EV charging
management method is proposed in [92] using an auction mechanism to control the PV power and to
reduce the operational cost. A two-stage method has been proposed to minimize the energy losses in [93],
where the optimal scheduling of the EVs’ active power can be guaranteed by a local approach in its first
stage. However, a centralized optimization is required in the second stage for the optimal reactive power
management of EVs to address the non-convex constraints of the power flow equations.
In most of the reported methods for the coordinated EV charging, the prediction errors and the abrupt
change of the power system’s states, also the latency or losses of the communication links in the case of
centralized or consensus-based distributed methods, can result in sub-optimal solutions. Moreover, most
of the available studies have avoided addressing a method for adjusting the EV charging rate and they
mostly entail the utilization of off-board chargers or modification of charging equipment. Such solutions
are not practical or economical specifically for non-commercial electricity customers. This chapter
proposes a novel charging control system (CCS) by adjusting the EV charging rate based on hierarchical
decision-making (HDM) approach to meet the major needs of EV owners, limit voltage deviation, as a
dominant PQ issue on the consumers’ side, and maintain it within the acceptable limits of the PQ
standards, and minimize the impacts of the uncontrolled integration of EVs in the DNs. The key
contributions of this chapter are as follows:
(I) The CCS is designed based on a concept for direct power control (DPC) and following IEC 61851
that can be employed for present EV onboard chargers with few additional pieces of equipment and
without further P-Q control blocks.
(II) The CCS utilizes a hierarchical decision making (HDM) approach that includes a primitive charge
scheduling (PCS) and real-time charging coordination (RTCC) to deal with the varying system’s states
and the uncertainties of the EVs;
(IIa) The PCS level is developed to locally schedule the EV charging so that the EV charging demand
can be provided with the minimum cost, and also a more levelled load profile can be achieved for the
residential customers. Whereas, the DSO can monitor the EVs’ coordination and allocate the control setpoints for the real-time operation of the EVs, accordingly.
(IIb) Moreover, the RTCC level is designed for the real-time operation of the system, based on the
scheduled EV charging at the PCS level. The RTCC can cope with the unforeseen events that cannot be
addressed during the PCS level. To this aim, an adaptive Volt/Watt droop control is employed for the
RTCC to provide the fair participation of EVs to address both the short-duration and long-duration
voltage deviations.
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(III) The EVs’ integration is studied through various scenarios using a bottom-up modelling technique
(BMT), and an interface controller is implemented to extract a realistic electrical model of the commercial
EVs through actual experiments on two EVs. Accordingly, different PQ parameters e.g. voltage
deviations and harmonics are thoroughly assessed in the presence of the EV charging loads.

4.4 Definitions for Voltage Control
4.4.1 Voltage Control Using EVs
In Figure 4.1(a), a branch between buses 1 and 2 of a power system is illustrated, where V1 e j 0 and
V2 e − j are the terminal voltages and Z12 = R12 + jX12 is the branch impedance.

(a)
(b)
Figure 4.1. A sample power line (a) power flow, and (b) phase diagram.
Considering a typical load, e.g. a residential building that is being supplied through this branch, the
load current is denoted by I when no EV is connected to bus 2. The active and reactive power flows
through this line are given by (4.1) and (4.2):
P=

Q=

V1
2
R12

V1
2
R12

[ R12  ( V1 − V2  cos  ) + X12  V2  sin  ]

(4.1)

[− R12  V2  sin  + X12  ( V1 − V2  cos  )]

(4.2)

2
+ X12

2
+ X12

The power angle (δ) is considered to be small, therefore cos(δ) ≈ 1 and sin(δ) ≈ δ, and using (4.1) and
(4.2), the following equations can be obtained [94]:
V1  ( V1 − V2 )  R12  P + X12  Q

(4.3)

V1  V2    X12  P − R12  Q

(4.4)

In the LV systems, the resistances of the lines are not negligible compared to those of the high voltage
(HV) systems. Therefore, considering (4.3), besides the reactive power, the voltage differences depend on
the active power consumed or generated. Taking the example of the power line in Figure 4.1 into account,
upon the connection of an EV, the new load current is denoted by I ′. As illustrated in Figure 4.1(b),
because of the charging power of the EV and the line impedance, an additional voltage drop would occur,
hence the new voltage at bus 2 would be equal to V'2 e − j ' . However, the new voltage difference between
bus 1 and bus 2, can be controlled by regulating the charging rate of the connected EVs. Likewise, the
connection of a high number of charging EVs can induce increased voltage deviations. Besides, in a DN
with a high penetration of dynamic loads and RESs, the voltage deviations can also vary due to the
sudden changes in the other loads or the stochastic nature of the RESs. The voltage deviations include
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long-duration deviations, namely under-voltages given the load variations, and short-duration deviations,
namely voltage sags due to starting large asynchronous motors or line-to-neutral faults. It is essential to
mitigate both long-duration under-voltages and voltage sags [77]. In this regard, nearly all charging EVs
can operate as flexible loads for voltage management, so that based on (4.3), the active power of the
connected EVs can be controlled considering the voltage constraints in the grid. As an example, in the
case of a severe voltage drop, the charging rate, and consequently the active power demand of the
connected EVs, can be decreased to mitigate the voltage deviations.
4.4.2 Standards
Based on the EN 50160 standard, the rms value of the voltages should remain as given in (4.5) for
more than 95% of 10-minute intervals measured in a week and the weekly 95th percentile for the voltage
unbalance factor (VUF), defined in (4.6) based on the phase voltages, should not be more than 2% [77].
Moreover, according to the IEEE 519-2014 standard, the weekly 95th percentile for the total harmonic
distortion (THD) should be less than 8% for the LV bus voltages ( V ph ≤ 1 kV).
0.9U nom  V ph  1.1U nom

VUF =

(V A + a 2V B + aV C )
(V A + aV B + a 2V C )

100, a = e

(4.5)
j

2
3

(4.6)

4.5 The Proposed Hierarchical Decision-Making Approach
4.5.1 Charging Control System (CCS)
Figure 4.2 shows the schematic for applying the proposed CCS for an LV network. The HDM
approach for the CCS includes a PCS at the first level and an RTCC at the next level.

(a)
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(b)
Figure 4.2. The configuration for the CCS (a) A distribution power system with unbalanced loading, (b)
The implementation of the CCS for every customer.
For this objective, the following assumptions are taken into consideration: (i) the HDM approach
would be achieved using distributed controllers that are applied in every node/residential building in the
LV network and a DSO that operates at LV level; (ii) there is a communication link between the DSO and
the residential customers using the low-power wide-area network (LPWAN), (iii) the real-time pricing
(RTP) program is presumed available in the power system; (iv) at the beginning of each time-step, the
updated electricity prices are released/announced to the distributed controllers for the following timesteps.
For each time-step, the connection/disconnection state of the EVs, bnv , , is defined as given in (4.7),
and the delivered energy to each EV at time-step ℓ is given by (4.8).
1,
bnv , = 
0,

 nv , =

EV nv is connected.
  ,nv  N v
Otherwise.

b
−1

nv ,

 Pnv ,   ,   , nv  N v

(4.7)

(4.8)

The charging acceptance curve of an EV with Li-ion batteries during AC charging is illustrated in
Figure 4.3.

Figure 4.3. The charging acceptance curve for a BMW i3 during the full charge test.
Figure 4.3 shows that the charging power and current are almost constant during the constant current
(CC) mode and this mode constitutes about 90% of the charging time [53]. At a specific SoC level, the
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charging current and power decrease exponentially, as the EV Li-ion batteries are charged in a constant
voltage (CV) mode. In the CC mode, the delivered power to EV nv at time τ is:
Pnv ,

nv
100

 xnv , .(U nom  Vnp,h ),   , nv  N v

(4.9)

In (4.9), given the PFC by the EV chargers, the power factor is assumed to be 1. Although other factors
can also affect the charging power during the CC mode, the impacts of such factors can be neglected [53].
As presented in (4.9), to control the charging power, a feasible method is necessary to modify the
charging rate ( xnv , ). In the configuration determined by SAE J1772 and IEC 61851 for conductive
charging, a control pilot (CP) circuit is assigned to ensure the appropriate operation of the charging
equipment and to determine the charging current capacity. It is possible to modify this configuration to
control the charging current drawn by the vehicle. So that the EV’s charging current can be controlled by
modifying the duty cycle of the pulse width modulation (PWM) signal applied to the CP. The relationship
between the charging current and the duty cycle is explicitly defined in IEC 61851. Based on this concept,
an interface controller has been designed and implemented for assigning the EV charging current.
Accordingly, as shown in Figure 4.2, the interface controller is located between the supply point and the
EV and the EV charging rate can be promptly modified by the developed interface controller [53]. It is to
be mentioned that given the concept of the CP in IEC 61851 that only allows the charging current control,
the rms value of the charging current of EV nv ( xnv , ) is assigned as the control variable for the proposed
CCS, whereas the charging power ( Pnv , ) can be controlled for different time-steps by changing xnv , .

4.5.2 Primitive Charge Scheduling (PCS)
To encourage the EV owners to use the CCS, one objective of the PCS level is to minimize the
charging costs of the EVs while ensuring that the EVs are fully charged before the departure time. The
lower electricity prices generally coincide with the non-peak hours and hence the EV charging can be
shifted to the times with lower demands. The objective function of the charging cost minimization for the
EVs at each node is:
N vtotal

 C

min 1 =

Pnv ,

nv =1

nv

(4.10)

where Cnv in (4.10) is represented as (4.11):
L + −1

C nv =

 b

nv ,

   Pnv ,  l , nv  N v

(4.11)

The decentralized EV charging solely based on the same RTPs from the DSO may create new peak
loads during times at lower electricity prices, this phenomenon is mentioned as the rebound effect in [89].
Therefore, another objective function in (4.12) is defined to minimize the load variance ( 2 ) and to
produce a more flattened load profile for each node.
min  2 =
P nv ,

L + −1



N vtotal

((  (bnv ,  Pnv , ) + Re( jn , ) − Pav ) 2
nv =1
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(4.12)

total

Pav =

1 L + −1 N v
  ((  (bnv ,  Pnv , ) + Re( jn , ) )
L
nv =1

(4.13)

The main objective function for the PCS level is then given as a Pareto optimization in (4.14).
min pcs =   1 + (1 −  )   2

(4.14)

The required energy to charge the EVs is given in (4.15):

 nreq
=(
v

socnreq − socnintv
v

100

)  capnbat
, nv  N v
v

(4.15)

From Figure 4.3, xnv , and Pnv , can be assumed to be constant during time-step ℓ for the PCS level,
xnv , and Pnv , are also constrained as shown in (4.16) and (4.17).

xnv , = 0 or xnmvin  xnv ,  xnrated
,   , nv  N v
v

(4.16)

Pnv , = 0 or Pnmv in  Pnv ,  Pnrated
,   , nv  N v
v

(4.17)

The rating of the incoming feeder to each node is addressed in the constraint given in (4.18).
N

j n , +

 b

nv =1

nv ,

Pnv ,  J nrated ,   , n  N

(4.18)

The scheduled energy to be delivered to the EVs at the PCS level is expressed as (4.19). It is necessary
to provide the desired SoC level for the EV batteries at the end of the charging process and the constraint
in (4.20) should be fulfilled for every EV:

 nv =

L + −1

 b

 nreq

v

nv ,

 Pnv ,  l , nv  N v

(4.19)

nv ,

+  nv , nv  N v

(4.20)

−1



In (4.19) and (4.20), bnv , is estimated for the following time-steps based on the information received
from the EV owners.
Both objective functions in (4.10) and (4.12) are convex, the weighting parameter (α) in (4.14) will be
assigned by the DSO for all nodes, afterwards, the optimal answer can be achieved locally by the
distributed controllers implemented at every node. When α=1, the minimum charging cost would be
achieved for the EV charging at every node [91], and when α=0, the optimal active power control, can be
obtained to minimize the energy losses, that is desirable for the DSO, as shown in [93].

4.5.3 Real-Time Charging Coordination (RTCC)
After coordinating the EVs’ charging according to (4.14), it is possible to avoid the impact of mass
charging during peak times. Nonetheless, this may not be sufficient to address the varying system
conditions, because there is the possibility of the occurrence of unforeseen events that cannot be
addressed during the PCS level. Therefore, in addition to the PCS level, an RTCC level is proposed which
adopts a real-time adaptive droop charging system for the voltage regulation.
After the PCS level, the distributed controllers send the values of jn, and Pnv , to the DSO. The
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objective function in (4.21) is defined for the DSO to determine the values of Vnmin/max
for every node.
v,
total
N Nv

min rtcc =   ( xnv , − xnrtcc
)
v,

(4.21)

n =1 nv =1

Subject to:
rtcc

xn

v,

min

= xn

v

+

in
x nmax − x m
n
v

v

Vnm,ax − Vnmin
,
v

 ( V nph, − Vnmin
),   , nv  N v
,
v

(4.22)

v

0.9  Vnmax
 1.1, n  N
v,

(4.23)

0.9  Vnmin
 1.1, n  N
v,

(4.24)

xnmiv n  xnrtcc
 xnrated
,   , nv  N v
v,
v

(4.25)

where in (4.22), V nph, is the expected voltage of node n during time-step ℓ that would be determined
following the power flow based on the estimated load of all nodes, considering that all EVs would be
charged with their optimal values as predetermined at the PCS level. The answers to the optimization
problem in (4.21) are the values of Vnmin
and Vnmax
for all EVs that will be specified by the DSO for the
v,
v,
distributed controllers. Following this xndv , will be determined for the EVs based on the linear piecewise
function in (4.26).

x dn , 
v



min
 0,if Vnph
,  Vnv ,


max
=  x nrated ,if Vnph
,  Vnv , ,  , nv  N v
v

ax
n
xm
− x mi

nv
nv
in
 xm
+ max
 ( Vnp,h − Vnmin
), else
min
nv
v,
Vnv , − Vnv ,


(4.26)

This method will guarantee that the value of xndv , would be equal to the optimal value of charging
current for EV nv ( xnv , ), during the normal operation of the power system. Otherwise, the droop
charging rate of the EVs will be assigned in proportion to the supply voltage based on (4.26). Hence, the
RTCC will not affect the optimal charging of the EVs except in the circumstance that unforeseen
intensive voltage deviations will occur. Moreover, the droop characteristic will be based on the estimated
load profile and the location of the residential buildings, considering that all EVs would be charged with
their optimal values predetermined at the PCS level. So that it will also provide the fair participation of
the EVs at the RTCC level, specifically for the EVs downstream of the feeder.

4.5.4 Hierarchical Decision Making (HDM) Approach
The working principle of the HDM approach for the CCS is designed based on the receding horizon
technique (RHT) to deal with the uncertainties of EVs, e.g. the plug-in/plug-off times, the load profiles
and the varying system’s states, and can be described as follows;
Step 1: At the beginning of each time-step (before time-step ℓ), the distributed controller of every
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residential building receives the charging characteristics of the EVs, the estimated load demand at its
corresponding node for the charging control horizon and the updated electricity prices.
Step 2: The distributed controller solves the optimization problem in (4.14) at the PCS level based on
the information received for time-step ℓ, and the updated forecasted data for the remaining time-steps of
the charging control horizon. The solution of the optimization problem in (4.14) is a vector of the
charging power for the control horizon [ Pnv ,

Pnv ,

+1

Pnv ,

+2

... Pnv , L +

−1 ]

. Nonetheless, only the

scheduled charging power for time-step ℓ, would be used, taking into account that the information,
namely bnv , , jn, and πℓ are precise for time-step ℓ.
Step 3: The distributed controllers send the values of jn, and Pnv , to the DSO. The DSO assigns the
values of Vnmin
and Vnmax
to be adopted at the RTCC level for each building and sends these values to the
v,
v,
distributed controllers.
Step 4: To address the intensive voltage deviations, the distributed controller at each building
continuously measures the point of common coupling (PCC) voltage during the RTCC level. Moreover,
the distributed controller checks the following constraints for the connected EVs.

socnv ,  socncrv ,   

(4.27)

Pnrated
 (tndep
− ( + 1))
1
v
v
 ( socnreq
−
soc
)

,   
nv ,
bat
v
100
capnv

(4.28)

The constraint in (4.27) ensures that only the EVs in the CC mode would participate in the voltage
management, also, according to (4.28), EV nv would only participate in the voltage management, if it
could compensate the reduced charging power during the following time-steps of the PCS level. When
both constraints in (4.27) and (4.28) cannot be fulfilled, the EV will not participate for the voltage
management and the charging rate ( xnv , ) would be equal to xnv , . Otherwise, xndv , would be determined
based on (4.26), accordingly, the charging rate of vehicle nv ( xnv , ) would be assigned as (4.29).
 xn , , xnd ,  xnv ,
xnv , =  d v d v
,   , nv  N v
 xnv , , xnv ,  xnv ,

(4.29)

After assigning xnv , , the distributed controller sends the control signals to the interface controller and
this unit modifies the connected EV charging rates. When the desired SoC is reached for an EV, it would
be planned for disconnection. The process in Step 4 will proceed until the end of time-step ℓ.
Step 5: At the end of the time-step ℓ, if no further charging was required for an EV (for example, when
the desired SoC level is reached or the EV owner needs the vehicle immediately), it would be
disconnected. The information for the following time-steps, e.g. the electricity prices and the
disconnection times of previously connected EVs are also updated. Moreover, the distributed controllers
receive the charging characteristics of the newly connected EVs (if any).
Step 6: Step 2 to Step 5 will be repeated for the remaining time-steps until all the vehicles receive the
desired SoC levels or when the disconnection takes place by the EV owners. Alternatively, these steps
will proceed until the end of the coordination process.
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Figure 4.4 shows the structure of the HDM approach for the CCS. In Figure 4.4, based on the concept
of the RHT, although the charging power of the EVs will be determined for the charging control horizon
taking the forecasted data into account, nonetheless, the optimal answers will be only implemented for
time-step ℓ. Meanwhile, unforeseen intensive voltage deviations may also occur during time-step ℓ, which
would be addressed at the RTCC level.

Figure 4.4. The structure of the HDM approach for the CCS.
It is to be noted that different from many distributed control methods, using the proposed CCS, the
DSO can monitor the EVs’ charging based on the economic and technical constraints of the DNs. This is
obtained by sending the RTPs and the weighting parameter (α) in (4.14) to the distributed controllers, also
by specifying the values of Vnmin/max
for every node. Moreover, the DSO can control the compliance of
v,
the distributed controllers to the coordination measure. In this regard, LPWAN is a cost-effective wireless
network that can be implemented for the long-range communication between the DSO and the distributed
controllers. It is also suitable for the exchange of sporadic low bit rate data, considering that the packets,
which only include the values of jn, and Pnv , at time-step ℓ, are transmitted every 30-minute. The
HDM can also be applied without the DSO control data and based on the predetermined values.
Whilst the EVs are considered to be the only flexible loads, all other electric appliances that can
operate as controllable loads, can be coordinated and their electrical load’s demand can be scheduled at
the PCS level. Meanwhile, identical to the EVs, for battery energy storage systems (BESSs) integrated
with the DERs, the charging/discharging of the BESS can be scheduled in both the PCS and RTCC levels.
So that at the RTCC level, in the case of an unforeseen severe voltage drop, the BESS can be discharged
to mitigate the voltage drop. Conversely, it can be charged to absorb the excess generated power of the
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DER to mitigate the voltage rise and avoid the reverse power flow in the distribution grids.

4.6 Test Systems Description
4.6.1 Residential and EV Loads Modelling
Here, a BMT is adopted to obtain the residential load profiles. Two features of the residential loads are
taken into consideration, namely: 1) the usage state model, and 2) the electrical model. The first term
refers to the demand or the usage pattern of every electric appliance that is generally a random process
characterized by probability distribution functions. The second term refers to the model adopted for
power flow studies (e.g. ZIP model, current model or PQ model). This study adopts an activity
probability function introduced in [95] to specify the usage time of the different residential appliances.
Linear and harmonic producing loads are modelled as constant power loads at the fundamental frequency.
Further, linear loads are modelled as impedance loads and nonlinear loads are modelled as constant
current sources at harmonic frequencies. Using the usage state and the electrical models of the different
appliances, the electric load demand for each load bus is determined. The same procedure can be applied
for modelling the EVs, however, to replicate the charging demand of the EVs, the ‘random factors’,
namely the plug-in time and the initial SoC level, are essential. Currently, real-world data on EVs’
behavior are scarce. However, it can be considered that the arrival/departure times and the daily trip
mileage of the EVs in the residential buildings are identical to the conventional types of vehicles. Hence,
these factors can be derived from the available statistical studies regarding the driving patterns of vehicle
owners. Concerning the plug-in times, generally, the EV owners plug in their vehicles for charging upon
their arrival to their homes. The plug-in time ( tnarrv ) or equivalently the arrival time of the EVs is modelled
by the Gaussian probability distribution function (PDF) described in (4.30), [96]:
 rarr

2
 r ( , arr , arr
)

(4.30)

The SoC value at the plug-in time is mainly dependent on the daily trip mileage of an EV and can be
described as (4.31):
socnintv = (1 −

d nv
Dnv

)  100,0  d nv  Dnv , nv  N v

(4.31)

While, d nv can be expressed by a lognormal PDF given in (4.32), [96].
 rdst

2
 r (ln(d n ), dst , dst
)

(4.32)

v

2
2
The values of μarr,  arr
, μdst and  dst
are derived from [96], also, it is assumed that the SoC of the EVs

cannot be less than 20%. Using these random factors and the technical specifications of the EVs (i.e. the
charger rating, the battery capacity, etc.), different scenarios are generated to replicate the EV integration.
For all cases, the required SoC of the EVs is considered to be equal to 90%, otherwise, the charging
current during the CV mode can be modelled using (4.33) [97]:
xnv , = xncrv  (

100 − socnv ,
100 − socncrv

)

(4.33)

where, xncrv is the charging rate of EV nv at the end of the CC mode that is assigned during the PCS or
RTCC levels.
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The harmonic model of the EVs is extracted through the field measurement. Based on the discussed
concept of modifying the charging rate of the EVs, the designed interface controller was implemented so
that the charging power levels of two commercial EVs were changed when the EVs were being charged
through an electric vehicle supply equipment (EVSE). The harmonic characteristics during the 10-minute
intervals for the different power levels were derived using a Hioki PW3198 PQ analyzer located at the
supply point of the EVSE. No other electric load was connected to the PCC and the experiments were
repeated for several 10-minute time intervals to be confident that the extracted load characteristics are
accurate. The technical specifications of the EVs utilized in the case studies are given in Table 4.1 and the
setup for extracting the load characteristic of the EVs is shown in Figure 4.5.
Table 4.1. Technical Specifications of the EV Utilized in the Case Studies
Model
Rated Battery Capacity
Rated current of EV charger
The efficiency of the EV
charger

BMW i3 2017, Nissan LEAF 2012
94 Ah, 66.2 Ah
7.4 kW, 3.6 kW
90%, 90%

Figure 4.5. The setup for extracting the load characteristic of the EVs.

4.7 Case Studies, Results and Discussions
To analyze the integration of EVs realistically, multi-conductor circuit models are developed for the
medium voltage (MV) and LV distribution test systems in PSCAD/EMTDC, which includes the
transformer, the residential loads, the cables and the EVs. For all cases, unless otherwise stated, the
optimization problem is solved using the nonlinear programming solver in MATLAB. The modelled MV
and LV DNs are based on the IEEE 31-bus distribution test system and the IEEE European LV test
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feeder, respectively, where a 23/0.416 kV, 800 kVA distribution transformer is considered for the LV
system. The specification of the EVs is based on Table 4.1, where the Nissan LEAF and BMW i3 EVs are
randomly allocated to the different nodes of the test systems, whilst in all cases, 40% of the total number
of the EVs is considered to be Nissan LEAF EV. Using the BMT, different scenarios are produced for the
residential load profiles and the integration of EVs in the residential LV networks. Also, for all cases to
replicate the unforeseen voltage drops, the stochastic connection of a high-power three-phase load is
modelled. In all these scenarios, the following assumptions are considered: these scenarios represent a 24hour period starting from 8:00 AM. After arriving home, all EVs remain at the buildings until the next
day. There is one EV at each building/node, the EV owners connect their EVs for charging upon their
arrival and set the values of socnint/req , capnbat
and the estimated tndep for the CCS at each building/node. In
v
v

v

the case that more than one EV is expected to be charged in the residential buildings, the forecast of their
charging characteristics, e.g. charging demand and plug-in time, can be also considered for the
optimization problem in (4.14). This can provide a more robust mechanism to mitigate the uncertainties
for scheduling the EVs’ charging [87]. Regarding the disconnection time of the EVs for the coordinated
charging, it is assumed that when an EV has an initial SoC of more than 60%, the EV owner does not
disconnect it until the end of the 24-hour period. This is a rational assumption given that when an EV has
relatively sufficient energy for the next trip, the EV owner may be more interested to postpone the
charging until the late hours with lower electricity prices. The duration of each time-step for the
coordinated charging is 30 minutes (l = 0.5) and the number of the time-steps for the charging control
horizon is 24. The forecasted and actual prices are derived from [80]. Given the ratings for the incoming
feeders to the residential nodes, the maximum/minimum charging rate of the EVs is considered to be 16
A/0 A, furthermore, the value of α is assigned as 0.5.

4.7.1 Comparative Studies
The application of different methods namely, case I: the decentralized method based on [93], case II:
the decentralized method based on [53], case III: the CCS, are compared with case IV: the deterministic
global optimization, for the LV network in [69]. The methods in case I and case II are selected because
similar to the proposed CCS in case III; (i) the optimal values for the EV charging can be obtained locally
in case I and case II, (ii) both control methods can be implemented using the developed interface
controller, and the focus is on the domestic charging in DNs with residential loads. (iii) Similar objective
functions and constraints are adopted in case I and II. The objective function for power loss minimization
for the proposed CCS in (4.12) is identical to that in case I. Also, a multi-objective function and
constraints for cost minimization and load levelling similar to the ones used for the PCS level, are
adopted in case II. The objective function for case IV is to minimize the EVs’ charging cost, where for the
management of the voltage constraint in (4.5), the linearized power flow equations, introduced in [98], are
adopted.
The minimum rms value of the supply voltages and the charging costs of the EVs at each load bus are
given in Table 4.2 and Table 4.3, respectively.
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Table 4.2. Minimum rms Value of the Supply Voltages
Bus 1
Bus 2
Bus 3
Bus 4
Case I
0.949
0.918
0.886
0.865
Case II
0.963
0.940
0.919
0.910
Case III
0.961
0.945
0.927
0.917
Case IV
0.965
0.943
0.925
0.915

Bus 5
0.852
0.900
0.910
0.907

Bus 6
0.845
0.898
0.906
0.904

The voltage limits are violated for case I as presented in Table 4.2, hence in [93], the centralized
reactive power compensation has been also proposed to fulfil the grid constraints. Case II that is similar to
the PCS level, results in better voltage profile, this is since the time-steps with lower prices generally
coincide with the lower energy demand. In both case III and case IV, the constraint in (4.5) is fulfilled for
all buses, further in case III, given the RTCC level, the voltage deviations are even less severe, see Table
4.2. Other constraints of the LV feeder, e.g. the rating power of the transformer and the cables, are
addressed for all cases.

Case I
Case II
Case III
Case IV

Bus 1
239.79
113.37
118.01
115.30

Table 4.3. Charging Cost of the EVs (¢)
Bus 2
Bus 3
Bus 4 Bus 5
Bus 6
272.63 120.56 231.41 283.39 291.88
85.43
55.46
5.98
13.34
41.69
86.96
79.95
5.98
13.34
44.24
92.95
68.67
3.04
7.26
25.12

Total
1439.70
315.27
348.48
312.34

In Table 4.3, as expected, the charging cost is the highest in case I, whilst, the charging costs for both
case II and case III are near the global optimal answers. The charging cost for case III is slightly more
than that from case II, this is because of the charging control during the RTCC level for voltage
management.
The number of control variables increases substantially for the optimization problem in case IV. As
expected, the convergence speed for case IV is significantly higher in comparison with case III. Using an
Intel Core i7 processor with 16.0 GB of RAM, the longest optimization time is 1.63 s for each time-step
at the PCS level, whilst, the optimization time is 78.01 s for case IV. Hence, a powerful microcontroller is
essential for the centralized method to provide the high computation speed required for the proposed
HDM approach. Further, for case IV, the forecast of all parameters, e.g. power demand in the LV system,
are considered to be precise, nevertheless in realistic applications, charging management approaches
without real-time modifications can result in sub-optimal answers, given the latency of the
communication systems or the imprecise forecasting of the parameters. Also, the adoption of any
centralized methods requires complex computation entities and advanced bidirectional communication
systems.
4.7.2 Impacts of the CCS on the PQ of LV Systems
The harmonic power flow studies are implemented for the residential LV system shown in Figure
4.6(a), the system includes 906 buses and 55 LV loads and provides the study of a typical three-phase LV
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system with unbalanced loading levels. To verify the capability of the CCS, two cases are analyzed; case
I: the uncontrolled and case II: the case with the CCS. The harmonic models are developed based on the
extracted parameters from the experimental studies, also given that conforming to SAE J1772, the
charging current cannot practically have any values between zero and 6 A, for this case the optimization
problems are solved using the Genetic Algorithm (GA) solver in MATLAB. The charging cost of each
EV for both cases is shown in Figure 4.7.

(a)

(b)
Figure 4.6. The single-line diagram of the test feeders: (a) LV network, and (b) MV network.
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Figure 4.7. The charging cost of each EV at each node for cases I and II.
In Figure 4.7, despite the forecast errors of the electricity prices, the variable load profile and the
uncertainties of EVs’ disconnection times, all the EV owners pay less cost for the EV charging for case II,
and all the EVs are fully charged before the departure time. Moreover, the total charging cost for case I is
2895.14 cents while it is only 2082.24 cents for case II. Figure 4.8 illustrates the maximum voltage
deviation at the supply point of each load bus for case I and case II.

(a)

(b)
Figure 4.8. The voltage deviation at each load bus: (a) case I, and (b) case II.
Figure 4.8 shows that when the CCS is applied for the integration of EVs in the test feeder, the voltage
deviations are significantly less severe, specifically for the load buses downstream of the network. In
addition to the rms voltage deviations, the harmonic distortions of the supply voltages are investigated for
both cases. The highest THD value of the supply voltage at each load bus is shown in Figure 4.9 for both
cases.
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(a)

(b)
Figure 4.9. The highest THD of the supply voltage: (a) case I, and (b) case II.
Figure 4.9 shows that EV charging has no significant impact on the voltage distortions of the test
system. Further, following the charging coordination, for most of the load buses, the voltage THD is less
intensive in case II. This can be due to the load shifting of the EVs to the non-peak hours so that the
distorted currents propagated through the LV feeder can be confined and consequently the distorted
voltages would decrease at the supply point of the load buses. The VUF at the LV side of the distribution
transformer is slightly improved in case II, as the maximum values for the VUF are 2.71 % and 2.67 %
for case I and case II, respectively. Given that in case II, the voltage deviations including the three-phase
voltage deviations at the LV side of transformer are decreased and managed to be in an acceptable bound
that can result in more balanced three-phase voltages for case II.
The profile of the aggregated apparent power induced by the residential buildings for the test LV feeder
is given in Figure 4.10. Furthermore, to better illustrate the application of the CCS, the voltage profile of
node 682 that has the most intense voltage deviations, during the 24-hour period is shown for case I and
case II, in Figure 4.11.

Figure 4.10. The profile of the aggregated apparent power induced by the residential buildings.
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Figure 4.11. The voltage profile for bus 682 during the 24-hour period.
Upon the arrival of the EVs that mainly occur during the afternoon and the connection of the EVs for
charging, the consumed power in the LV feeder has significantly increased, see Figure 4.10. The
additional increase of the power demand due to unforeseen events is also modelled for the case studies, at
16:00 PM and 4:00 AM. In Figure 4.11, the voltage profiles are almost identical for case I and case II
during both early and late time-steps of the 24-hour period. This is because the EVs are not connected for
charging to the LV feeder during these time-steps. The voltage deviations at the PCC of a residential
building vary depending on the location, the power demand of that building and the active and reactive
power consumed or generated in the LV feeder. Hence, the EV charging can have a disruptive impact on
the voltages at the PCC of the residential buildings in case study I, including node 682 that is the supply
point of load 37, see Figure 4.11. Besides the EV charging, the unforeseen events, which occur at node
28, can cause intense voltage drops at the other nodes as well as node 682 in Figure 4.11.
In Figure 4.10, after applying the CCS, the EVs’ charging demand is mainly shifted to the non-peak
times and the time-steps with lower prices in case study II. This is due to the scheduling of the EVs’
charging at the PCS level and can result in the mitigation of the severe voltage deviations as shown for
case study II in Fig 11. Moreover, although the under-voltage at 16:00 PM is not forecasted at the PCS
level, given the voltage management at the RTCC level, the voltage drop is well confined for case study
II, see Figure 4.11. Unlike the afternoon peak hours and the time of the occurrence of unforeseen voltage
drop at 16:00 pm, during the late hours, the RTCC has no practicable effect on the voltage profile. This is
given that most of the EVs are fully charged and disconnected during these time-steps. While for the
remaining EVs, the EV charging is shifted to the times that the unforeseen under-voltage at 4:00 AM is
resolved, as shown for case II in Figure 4.10.
At node 682, the minimum values for rms voltage are 0.8979 pu and 0.9232 pu and the maximum THD
are 2.3490 % and 1.8729 %, for case I and case II, respectively.

4.7.3 Effectiveness of the CCS for Distribution Networks with High EV Penetration
To assess the scalability of the proposed CCS, the effects of the high EV penetration for the MV
network in Fig.6(b), where each MV node is connected to the LV feeder in Figure 4.6(a), are rigorously
analyzed for case I: the uncontrolled and case II: the case with the CCS. In case I, the total charging cost
of the EVs is 90947 cents, nevertheless, the total charging cost has decreased to 60723 cents in case II.
The rms value of the supply voltage at each load bus is extracted for both cases. Also, a parameter
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called the 95% index is adopted to better investigate the voltage deviations [78]. The 95% index for the
rms voltage deviations denotes the values that are not violated for 95% of the time. The voltage
deviations during the 24-hour period are averaged for all residential load buses connected to the MV
nodes. Afterwards, the 95% index for the average voltage deviation for every MV node is derived. In
Table 4.4, the 95% index for cases I and II are given for all 30 buses. The VUF is not significant in both
cases, because it does not infringe the required standards.
Table 4.4. 95% Index for the Voltage Deviation
Bus
1
2
3
4
5
6
7
8
9
10

95% Index (%)
Case I
Case II
3.523
3.520
3.724
3.659
4.096
3.926
4.620
4.283
5.101
4.620
5.815
5.125
6.301
5.487
6.759
5.812
7.037
6.007
7.276
6.178

Bus
11
12
13
14
15
16
17
18
19
20

95% Index (%)
Case I
Case II
7.464
6.309
7.616
6.382
7.711
6.448
5.581
4.996
6.836
5.864
6.928
5.985
6.968
5.985
5.889
5.159
5.925
5.167
5.962
5.196

Bus
21
22
23
24
25
26
27
28
29
30

Case I
5.815
4.995
4.265
6.552
4.470
4.528
4.562
3.543
3.560
3.603

95% Index (%)
Case II
5.143
4.192
4.046
5.619
4.202
4.244
4.278
3.534
3.545
3.565

Table 4 shows that in case I, specifically for the MV buses downstream the network, the voltage can
drop significantly due to the EV charging, nevertheless, all voltages are improved after the CCS is applied
for the residential loads. As an example, in case I, the 95% index for the voltage deviations of all loads
connected to bus 13 is 7.711%. It means that in case I, the voltage deviations do not exceed 7.711% for
95% of the 24-hour period, while for the remaining 5 % of the 24-hour period, the voltage deviations can
be more than this limit, whereas in case II, this value is 6.448 %.
The aggregated consumed power of all load buses in the MV network is shown for case I and case II, in
Figure 4.12. The aggregated consumed power of the load buses is highest in the evening, which coincides
with the time that most EVs are connected for replenishment, which can further increase the peak
demand, as shown in Figure 4.12. However, the adoption of the proposed CCS results in the better load
profile and a more flattened consumed power for the MV grid, whilst, when possible the EV charging
shifts to the times with the lower electricity prices, as shown in Figure 4.12.

Figure 4.12. The active power consumption during the 24-hour period.
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4.8 Further Discussions
The main benefits that will be achieved using the CCS for both the EV owners and DSO can be
summarized as follows. The CCS ensures that all the EV owners will pay less cost for the EVs charging,
while the EVs can be sufficiently charged before the departure time without violating the electric
constraints of the DNs. Maintaining the PQ can also be an incentive metric for many customers because
this has been also motivated by the network operators in recent years in many countries. Meanwhile, the
uncertainties of the system, e.g. the uncertainties of EVs’ disconnection times, electricity prices and
unforeseen voltage deviations can be addressed. The feasible implementation of the CCS can further
encourage the EV owners to adopt the CCS, given that in comparison with many other coordination
measures, it can be adopted for nearly all EVs with minor initial cost and equipment. Another metric to
motivate the utilization of the CCS is the privacy of the EV owners, considering that the EV owners may
be reluctant to share the EVs’ charging characteristic, e.g. the travel times, with other entities. In this
regard, after applying the CCS, the EV owners only need to notify the values of Pnv , and jn, to the
DSO.
As a result, the CCS can meet the major needs of EV owners to charge their EVs economically,
reliably, confidentially and without requiring major modification to the charging systems in their EVs, it
can also meet the PQ requirements for the voltage deviations in the LV systems simultaneously, and
effectively lessen the impacts of the mass charging of EVs in the LV systems.

4.9 Summary
This chapter proposes a charging control system (CCS) using hierarchical decision-making (HDM)
approach to mitigate the impacts of the EV charging and improve power quality (PQ) in electric
networks. The HDM approach includes a primitive charge scheduling (PCS) and real-time charging
coordination (RTCC) to deal with the varying system’s states and the uncertainties of the EVs.
Specifically, it can fulfil the preferences of the EV owners and the economic and technical constraints of
the DNs and it can provide the fair participation of EVs for addressing both short-duration and longduration voltage deviations. Further, the CCS is designed following IEC 61851 and can be employed for
on-board chargers of mass-produced EVs with few additional pieces of equipment. To study the
integration of EVs in the DNs, multi-conductor circuit models have been developed. Subsequently,
different scenarios have been investigated for DNs and the impacts of charging the EVs including the
voltage deviations, harmonic distortions and the charging cost have been thoroughly assessed. Based on
the findings of the case studies, the developed CCS can effectively improve the voltage quality of the LV
systems and minimize the charging cost of the EVs. As a result, the CCS can meet the PQ requirements
for the supply voltages in the DNs and satisfy the concerns of the EV owners.
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Chapter 5: An Adaptable Correlated Control for
Improving Voltage Quality in Low Voltage Distribution
Grids Containing PVs and PEVs
5.1 Foreword
Rooftop photovoltaic (PV) systems and plug-in electric vehicles (PEVs) will be increasingly utilized by
residential customers due to their economic and environmental benefits. However, the intermittent power
produced by PVs and the additional loads required for the PEV charging can cause power quality
disturbances in the low voltage distribution networks (LVDN). An adaptable supervisory control is
proposed for the decoupled optimization of the active and reactive power, where energy cost can be
minimized by managing the PEV charging rate through the local consumption of PV generated energy.
Further, the optimal allocation of the reactive power for maintaining the voltage variations and the
mitigation of voltage unbalances within the allowable limits is proposed. The proposed control strategy is
straightforward and requires a reduced computational burden with low bit rate communication.
Moreover, a versatile simulation platform that includes the dynamic models of the electrical components
in distribution networks is developed. The impacts of the integration of installed rooftop PVs and PEV
charging for unbalanced three-phase LVDNs and the total energy cost are assessed using the developed
simulation platform. Also, the suitability of the proposed control strategy for demand-side management
(DSM) and the alleviation of voltage fluctuations and unbalances are investigated. The results from the
case studies confirm the effectiveness of the proposed strategy.

5.2 Nomenclature for Section 5.6
Sets and Indices
k, K, k

The index, set and length for the time-steps.

n, N

The index, set for the buses in the LVDNs.

n , N

The index, set for the buses at phase

n3 , N3

The index, set for the buses with three-phase loads in the LVDNs.

s, S

The index, set for all possible scenarios for the solar irradiance at node n.



(  a, b, c ).

Parameters
pv / pev
Prated
,n

The rating power of DC/DC converter of rooftop PVs /PEV chargers.

k

Real-time electricity prices for residential customers at time-step k.

,

The vector of the control horizon/number of the time-steps for the stochastic
MPC.

Pnh,k

The power demand of electric consumers in house n, except the PEV charging
load at time-step k.

n, k

The binary parameter to account the plug-in times of PEV n at time-step k.
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 s,k

The probability for the occurrence of scenario s at time-step k.

socnreq

The required SoC specified for the charging of PEV n.

socncv

The SoC value at the beginning of the CV region for PEV n.

I nrated

The rated current for the feeder that supplies residential load at bus n.

Variables
/ pev
Pnpv
,k

The generated power of the PVs/the charging power of PEVs, at time-step k.

Qnmax
,k

The available capacity of the inverters for providing reactive power.

En,k

The energy demand of the residential customer located at bus n, at time-step k.

,cc / cv
Pnpev
,k

The maximum allowed charging power at the CC/CV region for PEV n.

Pnavg

The mean value for the active power at bus n for the control horizon of stochastic
MPC.

socnpev
,k + k

The SoC at the end of time-step k, when the PEVs are charged with the maximum
allowed charging power.

Qnpv, k− pev

The optimal reactive power provided by PV-PEV converters for bus n for voltage
management at time-step k.

Qnpv −, kpev,
3

The reactive power provided by the three-phase PV-PEV converter for bus n3 on
phase



at time-step k.

V n,k , V n,k

Lower and upper limits for the Vol/VAr control for bus n at time-step k.

Vndsm
,k

The voltage for bus n following the DSM and before the RPC at time-step k.

Q

n, k

, Q n, k

Vnmax
,k

Lower and upper limits for the RPC using the PV-PEV converter for bus n at
time-step k.
The maximum voltage variation for the LV buses following the DSM and before
RPC at time-step k.

Vnavg,k

The mean value for the voltages of bus n3 at time-step k.

Vn

The voltage of bus n3 for phase  at time-step k.

3

3 , k

5.3 Background
The number of rooftop photovoltaic (PV) systems is on the rise [99], because of the ever-decreasing
production costs and the rapid advancement in the power electronic technologies, in addition to the
essential requirement for the environmentally friendly energy resources. Further, given the challenges of
conventional transportation systems, such as the high running cost and the greenhouse gas emissions, the
share of plug-in electric vehicles (PEVs) is envisioned to be continuously increasing [99]. Despite the
unambiguous superiorities that the solar PV systems and PEVs can provide, additional power quality
(PQ) issues can arise due to the integration of PVs and PEV charging facilities in low voltage distribution
networks (LVDNs).
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The fluctuating power generated by the PVs due to the intermittent solar irradiation and the dynamic
characteristic for the charging of the PEVs can aggravate the PQ challenges in LVDNs. The potential of
increased PQ issues due to a high penetration level of PVs in the power distribution grid has been
assessed through probabilistic studies in [100], which shows that the voltage rise issue is likely to emerge
with the increasing PV’s integration into the power grids. The mitigation techniques of voltage violation
in distribution networks with distributed rooftop PV systems have been studied in [101]. The authors in
[102] have shown that the unbalanced integration of rooftop solar PV systems can further aggravate the
neutral voltage. Further, the uncoordinated PEV charging may bring PQ issues, such as voltage drop,
harmonics/inter-harmonics and current and voltage unbalances [31]. The impacts of the electric buses
(EBs) and the PEVs on the PQ of the distribution systems have been analyzed using the stochastic
harmonic models, where Monte Carlo simulation studies have been conducted to assess different PQ
issues such as harmonics, overcurrent and voltage unbalances in [103]. Based on the results in [103], a
high number of charging PEVs and EBs can cause under voltages and the overloading of the
transformers.
Different methods including centralized, decentralized and distributed methods have been proposed
previously to confine the PQ issues due to the uncontrolled integration of PVs and PEVs. The authors in
[104] have proposed a distributed voltage control strategy in the presence of a high penetration level of
PV generation. Also, a control approach has been proposed in [105] for the mitigation of the unbalanced
voltages using three-phase PV inverters in the LV grids with high PV generation. Likewise, a method for
mitigating the voltage problems in micro-grids has been presented in [106], where the PV grid-tied
inverters and thermostatically controlled loads (TCLs) are deployed to mitigate the unbalance and to
provide demand-side management (DSM), respectively. The authors in [85], have presented a method for
the improvement of the voltage profile in a three-phase four-wire LVDN using the reactive power control
(RPC) provided by the PV inverters, where using a consensus-based algorithm, the wye connected singlephase inverters provide the RPC for the voltage regulation. Despite the demonstrated effectiveness of the
RPC for voltage regulation, it can also increase the grid losses in LVDNs, given the high R/X values.
Other issues have been also reported for utilizing the RPC for voltage management, such as the neutral
point shifting and interference with the economic operation of power systems [107]. Thus, it is more
beneficial to utilize the RPC to provide ancillary services beside active power management in the LVDNs
[108].
It is possible to coordinate the PEVs’ charging/discharging rate based on the concept of vehicle-to-grid
(V2G) to support the LVDNs. A method for domestic charging management of the commercial PEVs has
been developed in [109] and [53] which shows that by employing the developed decentralized control
system, the load profile for the residential consumers can be made more flattened and the operation cost
can be minimized. Furthermore, the PEVs can be charged to absorb the excess energy by the PVs and can
be discharged to provide the required energy during the peak times of the LVDNs. The utilization of the
PEVs for alleviating the voltage rise issues due to the surplus generations by the PV solar systems has
been proposed in [69], however, the preferences of the PEV owners and the degradation of the PEV
batteries have not been considered. A PEV charging management system based on the auction mechanism
to reduce the curtailment of the PV generated power and the operational cost has been presented in [92].
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A consensus algorithm has been proposed for the V2G and distributed voltage control in LVDNs in [110]
showing that the algorithm can confine the active power curtailment of the generated power of PV
systems. Nevertheless, the algorithm requires the data exchange between adjacent neighbors and the
commitment of consumers to follow a virtual leader. Generally, such requirements can raise the
complexity of consensus control systems, as such, providing high convergence speed and adequate
accuracy for the optimal voltage management can be sophisticated.
In addition to the voltage rise and drop, current and voltage imbalances are very likely to occur for the
three-phase four-wire LVDNs given the unequal spread of loads. Even in the case of balanced loads, due
to the variation of PV generation at different loads. Hence, a supplementary control is required to confine
the current and voltage unbalances. In this regard, the requirement for the compensation of the current
imbalance can potentially conflict with the requirement for the compensation of the voltage unbalance. As
such, the unbalanced currents need to flow into the three-phase system to compensate the voltage
unbalance for the case where the feeder’s impedance is different for each phase.

5.4 Contributions
In this chapter, an adaptable supervisory control is proposed for the self-governing assignment of the
PEV charging and also for the reactive power control (RPC) of the converters of the PVs and PEVs. The
proposed strategy is based on segregating the control systems for the DSM using the PEV batteries, and
the correlated RPC to improve the voltage quality at the low voltage (LV) feeders with a high penetration
level of rooftop PV systems and PEVs. At first, a quadratic cost function is defined for the DSM of the
PEV batteries to provide a levelled load profile and to minimize cost for every residential customer,
independently. As such, the PEV charging rate increases optimally during the peak PV generation times
and conversely, it decreases during the peak demand hours. Also, an optimal Volt/VAr droop system is
designed for the voltage management at the point of common coupling (PCC) of single-phase loads.
Further, given the need for the mitigation of voltage unbalance, additional modifications are envisaged for
the Volt/VAr control to confine the voltage unbalance utilizing the PV-PEV converters of available threephase loads in the LVDNs. Specifically, this chapter has extended the previous work in [22], by
modifying both the DSM and the passive Volt/VAr control proposed in [22]. The stochastic nature of
PEV demand and the varying power of PVs are considered in the DSM, while the modified droop
Volt/VAr control confines the uncertainty of the voltage variations in unbalanced LVDNs. The proposed
strategies can be beneficial for both the residential customers and the grid operator by maximizing the
economic profits from the DSM and supporting the grid by the resilient RPC. A versatile simulation
platform is also developed by the interface of PSCAD and MATLAB that includes the acquisitive models
for the electrical components in the LVDNs with PV generation and PEV battery charging. Accordingly,
the impacts of the high penetration of rooftop PV systems and PEVs on the voltage quality in residential
areas are studied based on realistic information. Also, the effectiveness and the feasibility of the proposed
control strategy for the DSM and the improvement of the voltage quality along the LV feeder are
investigated using different realistic scenarios.
The main contributions of this chapter can be summarized as follows:
I) The process for both the active power control (APC) and the RPC is much more straightforward and
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less sophisticated than centralized and consensus-based control so that it can be implemented with a
reduced computational burden and a low bit rate communication system. Unlike conventional local
control, the grid operator can realize and direct the grid’s operating point.
II) The parallel optimization problem for the DSM is locally and independently solved to support the
grid without causing inconvenience to the customers. The PEVs can be fully charged with a minimized
cost without sharing sensitive information, e.g. EVs’ charging characteristic, between entities. The
stochastic model predictive control (MPC) is adopted to address the uncertainties of the PVs’ generation
and the PEVs’ plug-in times.
III) An optimal Volt/VAr droop control is proposed and implemented for the PV-PEV inverters to be
utilized as grid-supporting inverters for voltage regulation. As such, a leader controller will determine the
optimal control set-points for the uniform and fair involvement of all PV-PEV converters, without
affecting the DSM for customers. Considering the drawbacks of RPC in LVDNs, namely the increased
grid losses, and the voltage unbalances induced in four-wire three-phase LVDNs, additional
modifications are designed for the proposed Volt/VAr droop control system.
IV) A versatile simulation platform is developed and implemented in MATLAB/Simulink environment
to study the voltage quality of the LVDNs with phase-to-neutral connected loads integrated with rooftop
PV systems and PEVs’ charging. The effectiveness and efficacy of the proposed control strategy for the
PEV charging management and to confine the intermittency of PV generation, also to cope with the
dynamics of the voltage variations in the unbalanced LV feeders are demonstrated through different
conditions.

5.5 Voltage Quality in Distribution Networks
Figure 5.1(a) shows a section of an LVDN, where rooftop solar PVs are installed for residential
consumers. Figure 5.1(b) shows the power flow of the system in Figure 5.1(a) between node s and r for
p

phase p. The voltage at bus r for phase p ( V r ), in Figure 5.1(a) can be determined using the nonlinear
equations presented in (5.1) and (5.2) [111].
Pp =

V

r

Y

(5.1)

p




p

(V r Y

p  a ,b , c , n
p ( p )
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V r cos( p ( p) +  rp −  rp ) −

V r +1 cos( p ( p) +  rp+1 −  rp ))
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Qp =

p ( p )
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p  a , b , c , n
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p
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p ( p )



(5.2)

p ( p )

sin( 

p

V r +1 sin( p ( p) +  rp+1 −  rp ) −

+  rp

−  rp ))

where, in (5.1) and (5.2), Y    is the impedance of branch β between bus r and bus r+1, respectively.
Also, Pp and Qp are the active and reactive power flow through branch β.
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(a)

(b)
Figure 5.1. (a) The schematic diagram for a four-wire three-phase LVDN with rooftop solar PV systems
and the connected PEVs, (b) The equivalent single-phase circuit for the connection of the residential
customers.
p

Taking into account that the total injected complex power at bus r is denoted by S r and node s is the
slack bus in Figure 5.1(b), the voltage difference between node s and node r can be simplified as
presented in (5.3) [108]:
p

p

p

Vr − Vs 

p

Re( S r )  R + Im( S r )  X
p

(5.3a)

Vs
p

p

p

p

S r = S r , pv − S r .load − S r , pev
p

Ir =

p

p

p

p

Re( S r ) − j Im( S r )
Re(V r ) − j Im(V r )

(5.3b)
(5.3c)

It is obvious from (5.3) that both the real and imaginary parts of the injected power can affect the
voltage at node r. In this regard, the surplus energy produced by the rooftop solar PVs can cause a reverse
directional power flow and can induce voltage rises in the LVDNs, which increases the magnetizing
currents in electric machines. Likewise, when the consumed active and reactive powers are significant,
the voltages can drop to exceed the acceptable limits resulting in an increase in the power losses in the
cables, transformers and other electrical equipment in the LVDNs [77].
It can be proven that when the voltage variations are approximately small in Figure 5.1(b), the energy
loss ( Eloss ) at the branch between bus r and s, can be expressed as (5.4) [93]:
Eloss =

R
(V

rated 2

)

 (( Pr p ) 2 + (Qrp ) 2 )

(5.4)

where, in (5.4), V rated is the rated voltage for the LVDN.
In the LVDNs shown in Figure 5.1(a), given that loads are not equally spread in the three-phase fourwire LVDN, they may also exacerbate the current and voltage unbalances. Similarly, the topology of the
distribution systems, e.g. the asymmetry of the LVDNs or the unbalanced distributed generation of the
single-phase rooftop solar PVs can worsen the unbalances, that can increase the power system losses. The
symmetrical components of the current and voltage, I 0, +, − (V 0, +, − ) , are defined according to (5.5).
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) = 1   2  I abc (V abc ), = 1
3
3
2
 
1 

(5.5)

The voltage unbalance factor ( K 2V ) and the phase voltage unbalance rate (PVUR) defined as (5.6) and
(5.7), are commonly used for the assessment of voltage unbalances in LVDNs.
K 2V =

V−
 100
V+



Vavg = mean V an , V bn , V cn

(5.6)



 1

PVUR = max 
 (V pn − Vavg )   100, p  a, b, c
 Vavg


(5.7a)
(5.7b)

Also, considering (5.5), since the injected or the absorbed current at each phase is normally different
for a given bus and because most of the single-phase consumers are connected to a phase-to-neutral
connection, a neutral current can be produced where the zero-sequence current flows through the neutral
conductor that can increase the neutral voltage more than the accepted value of 0.5 V and can cause the
overheating of the conductors.

5.6 Control Strategy for the Integration of PVs and PEVs in LVDNs
In this chapter, the decoupled optimization of the real and imaginary power is proposed that can
effectively manage the confined capacity of the integrated PV-PEV converters for the better integration of
the residential loads, the rooftop PVs and the PEV charging. In this case, the RPC does not intervene with
the optimal DSM for the residential customers, and it reduces the computational requirement of the DSM
and the complexity of the voltage management using RPC.

5.6.1 Integration of PVs and PEVs
To effectively utilize the energy of the rooftop PVs for the PEV charging in residential areas, a threeport integrated PV-PEV connection including two DC/DC converters for the maximum power point
tracking (MPPT) and the PEV charging, and a DC/AC inverter with the RPC is considered for each home,
as shown in Figure 5.2.

Figure 5.2. The topology for the integrated PV-PEV converters in residential areas.
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In this configuration, the output of the DC/DC PV converter and the input of the DC charger is connected
to a common DC link and through the inverter, the net power can be transferred between the DC link and
the AC grid. The ratings of the AC/DC inverter are chosen using (5.8), and resizing the inverters as
presented in (5.8) with pf = 0.9, assures that a portion of the inverters’ capacities can be utilized for the
provision of the reactive power as given in (5.9).
Snmax = (





1
pv
pev
)  max Prated
, n , Prated , n , n  N
pf

(5.8)

2
max 2
pev 2
(Qnmax
) − ( Pnpv
, k ) = ( Sn
, k − Pn , k ) , n  N , k  K

(5.9)

5.6.2 Active Power Management
The strategy for the active power management of the DSM is based on the concept of the stochastic
MPC. The electricity cost to the grid operator can be approximated by a cost function (  ktotal ) whose
value depends on the total energy purchased/sold to the residential customers. When all customers are
price-taking users, which means that their energy demand does not affect the electricity price, the
constraint in (5.10) can be written to balance the energy cost between the residential customers at timestep k [112]:

  E
k

=  ktotal , k  K

n, k

(5.10)

nN

The control horizon for the stochastic MPC can be denoted as (5.11):
= [k

k + 1 ... k +

−2 k +

− 1], k  K

(5.11)

Considering (5.10), the cost function in (5.12) can be defined for every residential customer to
minimize the electricity prices.
min  nAPC ,1 =
Pnpev
,k

  E

sum
n , k , n  N

k

(5.12)

k

Further, Ensum
, k is defined as presented in (5.13):
pev
h
pev
Ensum
, k = (n , k  Pn , k + Pn , k − Pn , k ). k , k  K , n  N

(5.13)

According to the perspective of the grid operator, it is beneficial to minimize the energy losses along
with the LV feeders. While the APC and RPC can be scheduled for that objective, independently and at
different levels [93]. To this aim, initially, the objective function in (5.14) is defined for minimizing the
variance of the power demand at each bus.
min  nAPC ,2 =
Pnpev
,k

(P

sum
n, k

− Pnavg )2 , n  N

(5.14a)

k

Pnavg =

1

P

(5.14b)

sum
n , k , n  N

k

nAPC ,2 can be rewritten as (5.15) [93]:
nAPC ,2 =

 (P

sum 2
n, k )

k

+

 (P

avg 2
n )

k

P

− 2 Pnavg 

sum
n,k

(5.15)

k

Taking (5.4) and (5.15) into account, it can be considered that minimizing the variance of active power
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at bus n can induce fewer energy losses, specifically when the voltage variations are managed in the
LVDN. Also, minimizing the variance of the active power can provide a balance between the PV
generated power and the power demand of the residential loads.
Based on the objective functions in (5.12) and (5.14), the optimization problem in (5.16) can be defined
for the DSM of residential loads.
min  nAPC =
Pnpev
,k

   ( P

sum
n,k

s,k

sS

− Pnavg )2 +k  Ensum
, k , n  N

(5.16)

k
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=
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pev
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h
pev
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n, k  I npev
, k  K , n  N
, k + I n, k − I n, k  I n

(5.17)
(5.18)
(5.19a)
(5.19b)
(5.19c)
(5.20)

In (5.17), (5.18) and (5.19), the constraints for the state of charge (SoC) and the allowed charging
power during the constant current (CC) and constant voltage (CV) regions for the PEV battery charging
are given. While the linear estimation of the charging power during the CV mode as a function of SoC in
(5.19c), is used for the optimization problem in (5.16) [97], the constraint in (5.20) assures that the rating
of the incoming feeder to each home cannot be violated.
The optimization problem in (5.16) can be solved, individually and in parallel for every customer based
on the local information. This is specifically beneficial since there is no need for the data exchange
between the customers, e.g. regarding the PEV charging characteristic, or any consensus for the monetary
profit of the customers. It also decreases the computational intensity for solving the optimization of the
APC for the operation of the power system. The cost function defined for the self-governing DSM of the
residential customers can cause peak shaving by maximizing the local consumption of the PV generated
power. Moreover, the electricity cost reduction and also the constraint in (5.18), to fully charge the PEVs,
can further motivate the residential customers to participate in the proposed control system for the active
power management.

5.6.3 Reactive Power Management
Following the DSM, the remaining capacity of PV-PEV converters can be utilized for the RPC to
control the voltage variations. Unlike the APC, the optimization for the RPC can be achieved for every
time-step, independently [54]. The optimization of the RPC can entail the solving of the nonlinear load
flow constraints as presented in (5.1) and (5.2). Alternatively, the effectiveness of Volt/VAr control to
manage the voltage variations in LVDNs has been proved previously, however its application can be
intricate due to the potential drawbacks, such as the suboptimal and non-uniform participations of entities
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for the RPC. Further, the inconsistent RPC using the inverters with different ratings in an unbalanced
four-wire three-phase system can cause additional voltage unbalance in the LVDNs [22]. Moreover,
because of the high resistance of the LV cables in the LVDNs, the injected or consumed reactive power
for voltage control can further increase the energy losses.
The optimal allocation of the limited capacity of the integrated PV-PEV converters for the RPC using a
leader control system is proposed here, particularly, to alleviate the dynamic voltage variations because
the surplus generation of the rooftop PVs and the high load demand, and also to lessen the voltage
unbalance using the available three-phase loads in the LVDNs.
To this aim, only a low bit rate communication is necessary between each home and the leader control
system that can be even obtained via the internet. Besides, the initial cognition of the topology of LVDN,
e.g. the line impedances, is required to execute the load flow by the leader control. To provide the
independent and unbiased application of the leader control it can be authorized by the grid operator. As
stated in (5.4), the energy losses are in proportion to the square of the reactive power flow, for the case
that the voltages across all points are approximately equal to the nominal voltage. Hence, the optimization
problem in (5.21) is designed for the RPC to manage the voltage quality in the LVDNs provided that the
energy losses caused by the RPC are minimized.
min  RPC =

Qnpv,k− pev

 (Q

pv − pev 2
) , k  K
n, k

(5.21)

nN

Qnpv, k− pev in (5.21) can be defined based on the Volt/VAr droop characteristic for the voltages at the PCC

of residential loads as (5.22):
Qnpv, k− pev = Q

n, k

 (1 +

Vndsm
, k − V n, k
V n, k − V n, k

(

Q n, k
Q

− 1)), n  N , k  K

(5.22)

n, k

where, Qnpv, k− pev , V n, k and V n, k are the control variables for the RPC. Q n, k and Q n, k are assigned as
(5.23).
Q n, k , Q

n, k

= Qnmax
, k , n  N , k  K

(5.23)

The following constraints should be also fulfilled for the optimization in (5.21);





max
V
 max/ min = (1  max Vn, k ,0.05 )
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Vmin  V n, k ,V n, k  Vmax

(

Qnpv, k− pev
Qnmax
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n N

)2 = const1, n  N , k  K

pv − pev
n , k

= const 2, n  N , k  K

(5.24)

(5.25)
(5.26)

The values of V n, k / V n, k and the injected/absorbed reactive power are confined by the constraints in
(5.24) and (5.25), respectively. The constraint in (5.25) assures fair incorporation of all homes for the
RPC. The constraint in (5.26) ensures that at each phase of the LVDN, the same amount of reactive power
will be produced by the integrated PV-PEV converters, this can prohibit the additional current unbalance
due to the RPC of single-phase loads.
Besides the single-phase loads, some customers can have the electricity supply with the star-connected
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three-phase connection in the LVDNs. While the voltage unbalance is a common issue in an LVDN, these
loads can further support the grid by mitigating the unbalance based on the definition of PVUR.
Considering that the total power of three-phase loads is equally distributed between all phases, the
following constraints are specifically designed to mitigate the voltage unbalance.





V avg = mean V a ,V b ,V c
n3 , k n3 , k n3 , k
 n3 , k
 
avg
, n3  N3 , k  K
 Vn3 , k − Vn3 , k
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pv − pev ,
 Qn3 , k

(

Qnpv3−, kpev
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3 , k

)2 = const 4, n3  N3 , k  K

(5.27)

(5.28)

The constraint in (5.27) is used to ensure that the reactive power is injected or absorbed at every phase
for a three-phase load, in proportion to the variance between the phase voltage and the mean value of
three-phase voltages at the three-phase load bus. Also, the constraint in (5.28) is used to provide the fair
allocation of the RPC for all the three-phase loads to mitigate the voltage unbalance.
It is obvious that despite the supervisory control, the designed optimization for the RPC can
substantially decrease the computational burden for mitigating both voltage variations and unbalances in a
four-wire three-phase LVDN. Otherwise, the joint optimization of the active and reactive power for an
unbalanced LVDN using the stochastic MPC can entail an intricate optimization problem that is
problematic to solve.

5.6.4 Control Procedure
The control procedure for the RPC can be summarized as follows:
Task 1: Following the DSM, every residential load transfers a network packet of user data to the
leader control. The user data for a residential load located at bus n, only include the scheduled power for
time-step k and not any sensitive information e.g. the usage times of their PEVs.
Task 2: The leader control executes the load flow for time-step k, based on the information received
max
from the residential customers. Accordingly, the values of Vndsm
will be determined for the
, k and Vn , k

optimal allocation of the RPC.
Task 3: The leader controller solves the optimization problem in (5.21) providing the constraints in
(5.22) - (5.28). Hence, the optimization is merely based on the optimal APC for time-step k without the
need for solving the nonlinear constraints in (5.1) and (5.2).
Task 4: The leader controller allocates the optimal RPC for the single-phase and three-phase loads.
Subsequently, it sends the network packets of control information to the residential loads. The control
information only includes the values of V n, k and V n, k for every PV-PEV converter of residential
customers.
Task 5: As long as the residential customers are committed to the optimal operating point for the
DSM, the values of the reactive power remain equal to their optimal values as assigned in (5.21).
Otherwise, the RPC will be modified according to (5.29).
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Qn, k
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(5.29)

The control diagram of the proposed control system for the decoupled optimal APC and RPC is shown
in Figure 5.3.

Figure 5.3. The control diagram for the proposed adaptable supervisory control.

5.7 Simulation Platform
A versatile simulation platform is developed in PSCAD and MATLAB that includes the models of
electric elements in LVDNs and dynamic models of PV-PEV converters. The optimization problem for
the DSM in (5.16) and the RPC in (5.21) are solved using the toolbox for the nonlinear optimization in
MATLAB in parallel to the unbalanced load flow in PSCAD. The configuration of the test system and the
specifications of the LV feeders, the conductors and the distribution transformer are based on the test
feeder in [113]. The ratings of the transformer for the studied system are presented in Table 5.1.
Table 5.1. The Data Used for the LV Test Feeder
Voltage
(kV)
11/0.41
6

Capacity
(kVA)
800

Ratings of the transformer
Reactance (%)
Resistance (%)
0.4 %

4%

Frequency (Hz)

Connection type

50 Hz

Parameters for integrated PV-PEV converters

T1

pv

, T1

pev

pv − pev
, T2
, kP , k I

10 ms, 10ms, 20 ms, 0.0104, 0.0003
Specification of the PEV

PEV model
BMW i3

Battery
Lithium-ion, 94 Ah
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Dy11

Figure 5.4. The single-line diagram for the studied four-wire three-phase LVDN.
This test feeder, as shown in detail in Figure 5.4, can elucidate the impacts of the unbalanced
distribution of the consumers at different locations for a typical three-phase distribution grid.

5.7.1 Random Characteristics of PEVs and PVs
PEV charging Behavior: Different methods have been proposed for modelling the charging demand
of the PEVs in residential areas based on real data [22]. The charging demand of the PEVs in the
uncontrolled scenarios is considered to be M1/M2/1 queue, where M1 and M2 denote the arrival and the
charging duration of the PEVs, respectively, whilst only one charger is allocated to each residential
customer. The probability of the arrival of Npev numbers of the PEVs at every hour can be represented
using the Poisson distribution in (5.30), where, in (5.30), 

N pev

is the average number of arriving PEVs

per hour for the customers in residential areas [22].
Pr( N pev ) =



N pev − 

e
N pev !

(5.30)

The initial SoC for the PEV batteries is modelled considering the available statistical data regarding the
driven mileage of conventional vehicles for the customers in the residential areas. Moreover, the duration
for the PEV charging is modelled considering the initial SoC and the charging curve for the PEV in Table
5.1.
Rooftop PV Panels: In the simulations, the power rating of the solar PV inverters for the different
customers ranges between 3-6 kW. Different factors, e.g. the solar irradiance, the characteristics of the PV
cells and the weather conditions, can affect the power generation of the rooftop PVs. Accordingly, the
output power of the PV arrays ( Pt pv ), at time t can be modelled using (5.31):
pv
Pt pv = N mod


pv
pv
Vmpp
 I mpp

Vocpv  I scpv

 Vt pv  I tpv

(5.31)

pv
pv
pv
where, in (5.31), N mod
, Vmpp
, I mpp
, Vocpv and I scpv are the number of the PV modules, the voltage and

current at the maximum power, the open-circuit voltage and the short-circuit current of the PV modules,
respectively, and the definitions of Vt pv and I tpv are from [114].
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5.7.2 Dynamic Electrical Model of PEVs and PVs
To replicate the electrical characteristic of the PEV batteries when connected to the network, the
electric circuit-based model as illustrated in Figure 5.5 is developed for the simulation platform.

Figure 5.5. The dynamic model of the integrated PV-PEV converter and the PEV battery developed in the
simulation platform.
Instead of detailed models that includes the Pulse-width modulation (PWM) converters with semiconductor switches, filter, etc., a dynamic model is used, such the DC/DC and DC/AC converters are
modelled as first-order transfer functions. While the response time of the converters is normally very fast
compared to the rate of change of the charging power, such dynamic models can effectively replicate the
electric behavior of the integrated PV-PEV converters for the DSM of LV loads [115]. In Figure 5.5, the
parameters of the PEV battery, Vocc , Roc , R1c and C1c are extracted from [3]. The nominal power for the
PEV chargers is assigned to be 3.8 kW, other parameters, e.g. the charging efficiency and socncv are
estimated following the load curve of the PEV with the specifications given in Table 5.1.

5.8 Case Studies, Results and Discussions
Different electrical parameters are investigated to identify the realistic impacts of the integration of
rooftop PV system and PEV charging to the LVDN shown in Figure 5.4. To this aim, the integration of
the rooftop PV system and the PEV charging are taken into consideration for the test system in; (i) the
Base case, when the proposed control system is not applied for the residential customers; (ii) case-study
1, when the proposed control method is implemented for the DSM and the alleviation of voltage
variations but without the constraints for the voltage unbalance; and (iii) case-study 2 that is similar to
case-study 1, however, the RPC is utilized to mitigate the voltage unbalance at the PCC of the three-phase
loads.
In the base case, the PV-PEV converters operate at unity power factor, also in case studies 2 and 3, the
length of each time-step is equal to 5 minutes and the length of the control horizon for the stochastic MPC
is specified as 5 hours. At the beginning of every time-step, the actual data for the following time-step (k)
and the forecasted data for the remaining time-steps of the control horizon are provided for the residential
customers, also 10 scenarios with Gaussian distribution are randomly generated taking the actual PV
generated power into account. The solar irradiance, the power demand of residential customers and the

92

electricity prices are extracted based on the available data for the Sydney region [22].
The voltage profile at the PCC of all residential loads is shown in Figure 5.6. Moreover, Figure 5.7 and
Figure 5.8 illustrate the profile of the three-phase voltages and the voltage unbalance factor ( K 2V ) for the
buses, which are the connection points of the branches to the single-phase customers. Also, in Table 5.2
and Table 5.3, the voltage indices for the buses with the most intensive voltage variation and unbalance
are given.
As shown in Figure 5.6 and Figure 5.7, given the reverse power flow during midday times, the surplus
generated power of the rooftop PVs can cause substantial voltage rise. Conversely, the additional power
demand for the PEV charging affect the voltage profile of the residential loads and drastically decrease
the voltages at the PCC of residential loads. Clearly, for the base case, the uncontrolled integration of the
PVs and PEVs induces severe voltage variations that exceed the permissible limits of ±5 %, as presented
in Figure 5.6(a) and Figure 5.7(a). For both case-studies 1 and 2, when the proposed control system is
applied for the DSM and RPC, it substantially alleviates the voltage variations at the LV feeder, see Figs.
6(b), 6(c), 7(b) and 7(c). Besides, for case-study 2, when the three-phase loads are committed to
mitigating voltage unbalances, it results in even more flattened voltage profile for the studied LVDN.
In Figure 5.8(a), the voltage unbalance increases specifically given the uneven PV power generation at
different phases, however, the voltage unbalance does not infringe the allowable limits for K2V (2%) at
any buses.
Despite the overall improvement of the voltage unbalances in case-study 1, as shown in Figure 5.8(b),
the unbalance factor for bus 839 is slightly higher than its value for the base case, as given in Table 5.3,
this phenomenon has previously been discussed in [22]. Interestingly, as presented in Figure 5.8(c) and
Table 5.3, because of the utilization of the three-phase loads for addressing the unbalances in case-study
2, the voltage unbalance is better confined than those from the base case and case-study 1. The
improvement of the voltage profile for all buses in case study 2 can be also verified taking into account
the values of voltage variations and unbalances in Tables 5.2 and Table 5.3.

(a)
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(b)

(c)
Figure 5.6. The voltage profile at the PCC of the residential loads for the studied four-wire three-phase
LVDN, (a) base case, (b) case-study 1, (c) case-study 2.

(a)

(b)

94

(c)
Figure 5.7. The voltage profile for the three-phase buses to the residential customers, (a) base case, (b)
case-study 1, (c) case-study 2.

(a)

(b)
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(c)
Figure 5.8. The voltage unbalance factor for the three-phase voltages at the buses to the residential
customers, (a) base case, (b) case-study 1, (c) case-study 2.
Table 5.2. Voltage Indices for the Test LV Feeder.
Phase A
Load
Phase B
Load
Phase A
Load

Base Case
Max.
1.023
25
Max.
1.017
41
Max.
1.024
47

Min.
0.925
52
Min.
0.923
50
Min.
0.934
43

Phase A
Load
Phase B
Load
Phase A
Load

Case-study 1
Max.
1.005
3
Max.
1.005
1
Max.
1.007
1

Min.
0.953
55
Min.
0.948
50
Min.
0.956
47

Phase A
Load
Phase B
Load
Phase A
Load

Case-study 2
Max.
1.005
3
Max.
1.004
1
Max.
1.005
1

Min.
0.956
55
Min.
0.950
50
Min.
0.966
47

Table 5.3. Voltage Unbalance for the Studied LVDN
VUF (%)
1.131

Base Case
Bus
839

VUF (%)
1.133

Case-study 1
Bus
839

VUF (%)
1.109

Case-study 2
Bus
794

To verify the application of the proposed control system for the DSM using the stochastic MPC, the
profile for the power demand of the residential appliances, the actual PV generated power and the PEV
charging power, for three loads located at different phases, are presented in Figure 5.9.

(a)
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(b)

(c)
Figure 5.9. The PEV charging power for the base case and case-study 2, the actual PV generated power
and the power demand of residential appliances for (a) load 29, (b) load 6, (c) load 8.
The rooftop PV systems at the PCC of residential loads generate its highest power at the noon times, in
Figure 5.9, the energy demand for PEV charging may be sufficient to only absorb a portion of the PV
surplus generated power. Despite the limited capacity of PEV batteries for the DSM, the remaining
capacity of PV-PEV converters can be optimally allocated for the RPC, for example, to confine the
voltage rise induced by surplus PV power for the time-steps that the PEV is not connected or fully
charged. Furthermore, regardless of the forecast errors and the intermittency of the PV generation, the rate
of charging power is changed to minimize the cost of electricity and load levelling as specified in the
DSM, given the robust application of the stochastic MPC.
A thorough focus is necessary considering the maximum value of voltage variation for load 47.
Although this load is located downstream the feeder and the high voltage drop is expected for this bus, the
high PV power generation during noon hours causes a voltage rise at this bus as given in Table 5.2, while
for case-studies 1 and 2, during the noon hours the voltage rise can be mitigated given the RPC and for all
other time-step due to the topology of the test system, this bus experiences drastic under-voltages.
To this aim, the profile of active power is shown in Figure 5.10 for the bus that load 47 is located.
Moreover, the voltage profile at the PCC of load 47 is illustrated in Figure 5.11. In Figure 5.10 the
charging power of the PEV can consume a part of the excessive power generated by the PV system, while
it is clear that in case-study 2, the charging power of the PEV is adaptively modified following the
optimization in (5.16) for the DSM. The voltage variation is severe for load 47 because of the high
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variation of power at the PCC of this load, as shown in Figure 5.11, as such the overvoltage is most
intensive during the early hours for the base case. In case study 2, the voltage rise is well confined using
the RPC, also for the time-steps without the PV power, because of the topology of the LV feeder, the
voltage at the PCC of load 47 is normally low. Again, the voltage quality is improved in case-study 2.

Figure 5.10. The profile of active power in the base case and case-study 2 at the PCC of load 47.

Figure 5.11. The voltage profile in the base case and case-study 2 at the PCC of load 47.
As determined for the APC, there is a trade-off between the domestic consumption of the PV power
generation and the load shifting to the times with low electricity prices. Hence, the cost for the PEV
charging is minimized for the case-studies that the proposed control system is adopted for the DSM, as
such the total cost for energy is $515.018 and $424.709 for the base case and case-study 2, respectively.
All PEVs are fully charged before the assigned plug out time by the residential customer.
Consequently, the optimal DSM and Volt/VAr control can be scheduled, independently. While the
dynamics of the system is replicated for the simulation platform, it is shown that the PEV charging rate
can be locally modified for the DSM without any contribution from other entities. Moreover, the optimal
allocation of the confined capacity of PV-PEV converters can be effectively allocated to improve the
voltage quality in the LV feeders. The proposed configuration for the optimization of the RPC is
straightforward with a low computational burden. Moreover, fast convergence can be obtained without
transferring sensitive information amongst entities, which is different from the conventional central or the
consensus-based distributed control.
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5.9 Summary
In this chapter, an adaptable supervisory control is proposed for the domestic demand-side
management (DSM) using the PEV batteries and also for the correlated RPC to improve the voltage
quality at the low voltage distribution networks (LVDNs) with a high penetration level of rooftop PV
systems and PEVs. The proposed strategy is based on the decoupled optimization of the active and
reactive power which results in reduced computational burden and limited communication to achieve the
optimal operating points of the LVDNs. The stochastic model predictive control (MPC) is adopted to
address the uncertainties of the PVs and the plug-in times of PEVs. Also, an optimal Volt/VAr control is
proposed for the PV-PEV inverters to be utilized as grid-supporting inverters for voltage regulation. As
such, a leader controller determines the optimal control set-points for the uniform and fair involvement of
all PV-PEV converters, without affecting the DSM of the customers. Using a developed versatile
simulation platform, the voltage parameters, namely the voltage variations due to the surplus PV
generated power during midday and the increased load due to the PEV charging power, also the voltage
unbalance are assessed for the unbalanced three-phase LVDNs. The results from the case studies show
that the generated power by the PVs and also the random connection of the PEV loads can drastically
aggravate the voltage quality of the LVDNs. After the implementation of the proposed control strategy,
the full charging of PEVs can be optimally achieved with a minimized cost, the local consumption of the
PV generated power can be scheduled and the intermittency of the PV produced power can be addressed.
Furthermore, considering the dynamic feature of the electrical systems for the case studies, the proposed
control strategy can alleviate the voltage variations by APC and RPC of the residential loads and mitigate
the voltage unbalance using the RPC provided by available three-phase loads in the unbalanced LVDNs.
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Chapter 6: Active and Reactive Power Control of PEV
Fast Charging Stations Using a Consecutive Horizon
based Energy Management Process
6.1 Foreword
The energy management of the fast-charging stations (FCSs) in power systems, while maintaining the
power quality and the grid codes, can be particularly challenging, given the highly dynamic load curve,
the heterogeneous PEV charging, and the inconvenience to the FCS customers. In this paper, a
consecutive horizon-based energy management (CHEM) process is proposed for the optimal technoeconomic operation of the FCSs integrated with battery energy storage systems (ESS). The proposed
CHEM process employs a central supervisory control (CSC) and a resilient distributed control (RDC), for
the energy management of FCSs and the active and reactive power control to maintain the grid codes. As
such the grid operator can realize and direct the economic and technical operation of the FCSs with low
computational burden, without the need for real-time collaboration with the FCSs. Moreover, the FCSs
can autonomously cope with the volatility of PEV charging with the use of the ESS. Furthermore, a novel
Volt/VAr control is proposed to confine the unpredicted voltage deviations, including voltage sags, within
an acceptable limit. The heterogeneous PEV charging is modelled using the queuing theory, while the
inherent characteristics of the Lithium-ion batteries are considered. Through multiple case studies, it is
shown that the developed CHEM process can provide lower costs and levelled active power profile for
the FCSs, whilst ensuring that the voltage deviations are well confined and the convenience of PEV
owners can still be met.

6.2 Nomenclature
List of Indices and Sets for Section 6.6



The index/Set for the time-steps of the CSC.

t  t

The index/Set for the 1-min intervals.

   , n  N

The index/Set for the FCS, index/set for the nodes with the FCS.

n N

The index/Set for the nodes in the MV system.



The index/Set for PEV chargers in the FCSs.

List of Parameters for Section 6.6



The electricity price at time-step ℓ.
est
,

The estimated energy of FCS Ω at time-step ℓ.

tot


The total estimated energy of FCS Ω for a 24-hour horizon.

soeess
 , soe

Allowed minimum, maximum limits for the SoE of ESS Ω.

capess ,

The nominal capacity of the batteries and charging/discharging power of the

ess

nom


converter for ESS Ω.
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Efficiencies for charging/discharging ESS Ω, charging PEV .

 c/d ,  c

The vector for the time-steps of the control horizon.
,

,



The length of time-step ℓ, length of the control horizon, number of the PEV
chargers in FCS Ω.

nom
Scon


The nominal power of the AC/DC converter for FCS Ω.

g −n + jb −n

The admittance between node  and node n.

tra
, Imax
S max

The rating of the MV transformer, permissible current for line  .

t arr , socini/req

The arrival time, initial and required SoC for PEV .

Pchnom , cap pev

The nominal charging power and battery capacity for PEV .

cycnom

The reference cycle for the batteries of ESS Ω.

temt

The temperature at time t.

cstess,t

The LCOE for the operation of ESS Ω.

List of Variables for Section 6.6

csc

The fitness function for the CSC.

1 , 2

The fitness function for the cost minimization, the load levelling.

 rdc,

The fitness function for the RDC.

3 , 4

The fitness function for maximizing the charging rate, the ESS cost
minimization.
The fitness function for addressing the SoE limits of ESS, the degradation of

deg
opt
4 , 4

ESS.
The active power of FCS Ω at time-step ℓ.

,

pur
 ,

The purchased power for FCS Ω at time-step ℓ.

avg


The mean of the active power for the control horizon.

c,d
,

The charging and discharging power of ESS Ω at time-step ℓ, time t.

c,d
 ,t

,

The delivered energy of ESS Ω at time-step ℓ.

ess
,

soeess, , soeess,t

The absorbed reactive power of AC/DC converter for FCS Ω.

,

,

V

The SoE of ESS Ω at time-step ℓ, time t.

,

n ,

Minimum and maximum levels of VAr compensation of the AC/DC converter

,

for FCS Ω.
, V

n ,t

V n , , V n ,

The voltage amplitude at node Ω at time-step ℓ, time t.
Minimum and maximum margins defined for the Volt/VAr control at time-step
ℓ.

V  ,  ,

The voltage of node  at time-step ℓ.
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P , , Q ,

The active and reactive power of node  at time-step ℓ.

I ,

The current of line  at time-step ℓ.

S tra

The apparent power of the MV transformer at time-step ℓ.

 max
,t

Maximum permissible charging power for PEV at time t.

 ,t

The charging power for PEV at time t.

 ,t

The weighting factor for the charging of PEV at time t.

soc ,t

The SoC for PEV at time t.

cap
dod

The function to account the dependence of ESS capacity on the DoD.

cyc
cyc
, dod
tem

Functions to account the dependence of the ESS cycle on the temperature and the
DoD.

soc exp
,t

The expected SoC of PEV at time t.

f

The linear function for determining the PEV charging power based on the SoC
during the C-V region.

6.3 Background
The plug-in electric vehicle (PEV) sales grow rapidly due to its perceived environmental benefits and
the incentive measures for utilization of PEVs in many countries [1]. Another promising factor for the
widespread utilization of PEVs is the advancements in the manufacturing technologies, specifically the
introduction of batteries with lower costs and higher capacities. Despite the indisputable benefits of
PEVs, the high capacity batteries in the PEVs need to be recharged through external energy resources. As
such, the integration of PEVs with other diversified loads in power grids can affect the power quality at
distribution levels. Several studies have been dedicated to assess and address the impacts of PEVs
integration in power systems. If not effectively managed, the incorporation of PEVs in power grids can
result in increased peak demand and line loading, higher power losses, voltage problems and harmonics
distortions [53], [116].
Besides the AC slow charging, the replenishment of the PEV batteries in the fast-charging stations
(FCSs) is a supplementary method that can provide much shorter charging time and higher range for the
daily commuting of PEVs [116]. FCSs are generally located in public/commercial areas, where high
power off-board chargers that include AC/DC converters, directly provide the DC charging for the
batteries of PEVs. The impacts from the high-power DC charging in FCSs can be more disruptive than
slow charging and FCSs can significantly increase power losses and voltage drop at distribution levels,
specifically during peak hours [117]-[118]. The impacts of FCSs on electric grids and the service quality
have been previously analyzed based on the queuing theory or Monte Carlo methods [119], [120]. Also,
many studies have investigated the sizing and siting of FCSs to improve the economic aspects for the
operators of such entities and to meet the technical requirements for the power grids [121], [122], [123],
[124]. However, due to future deployment of new technologies at the distribution levels, such as the
emergence of distributed energy sources (DESs) and atypical loads, further suitable measures are
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essential for optimal operation of FCSs.
A real-time charging navigation framework of PEVs, when charged by the FCS, has been proposed in
[125], to improve the reliability of the distribution systems and the economic profits of the FCSs. To
alleviate the harsh impacts of fast charging, FCSs can be incorporated with an energy storage system
(ESS). The integration of FCSs with fly-wheel ESS using a droop-based control has been experimentally
validated in [126]. Also, the configuration and control system for local controllers of FCSs integrated
with ESS, to limit the imported power and mitigate the dynamics of the FCS on weak AC grids have been
assessed in [127].
The authors in [128], have proposed a real-time coordinated charging and discharging strategy for the
FCSs of electric buses with ESS that can maximize the economic benefits considering the cost of ESS and
the electricity price. Moreover in [129], the coordination between the ancillary services to be provided by
PEVs and the real-time charging demand of randomly arriving PEVs has been developed for the FCSs
incorporated with ESS.
Nevertheless, unlike slow chargers, a framework for the optimal techno-economic operation of FCSs in
power systems has been rarely reported. As such, stringent and realistic analyses are still needed to
facilitate the demand management of FCSs and maximize the monetary profits of stakeholders together
with maintaining the grid codes [117], [129], [130].

6.4 Motivation
The demand management can be a challenging practice for the FCSs, given the highly varying power
of the FCSs and the PEV’s dynamics, e.g. the different PEV arrival rates, the heterogeneous charging
duration and the uncertain state of charge (SoC) of the PEVs. The high pace required for the PEV
charging and the fulfilment of customers’ preferences are additional challenges., Moreover, unlike the
slow AC charging, where the PEVs are mainly charged at the constant current (C-C) mode, the duration
for the constant voltage (C-V) mode in the fast charging can be significant and hence the PEV batteries
cannot be regarded as constant power loads.
The management of grid constraints using central or distributed paradigms during the slow PEV
charging have been studied, before. Nonetheless, in the case of the grid integration of FCSs, the deviation
of voltages beyond the limits specified by the utilities is highly plausible during the realistic operation of
a power system, due to the imprecise load estimation, the intermittency of the DERs, or short-duration
faults.
The varying and atypical active power demand of the grid-connected FCSs can be controlled and
isolated from the power systems using the ESS and the PEV charging management. Also, the capability
of the AC/DC converters of the FCSs for VAr compensation can be optimally utilized to maintain the grid
constraints. To this aim, a robust approach needs to be implemented to address the dynamics of the power
grids.

6.5 Contributions
In this chapter, a consecutive horizon-based energy management (CHEM) process is designed for the
optimal techno-economic operation of the FCSs in AC power systems. The proposed CHEM process

103

employs a central supervisory control (CSC) with a reduced computational burden and a resilient
distributed control (RDC), for the energy management of FCSs and active and reactive power control to
maintain the grid codes. The main contributions of this study can be summarized as follows;
I) Without necessitating a prior cognition about the resolution for PEVs’ charging profile, the grid
operator can direct the techno-economic operation of the FCSs. Meanwhile, the FCSs can autonomously
reciprocate with the heterogeneous power demand of the PEVs and follow the optimal control set-point
predefined by the grid operator.
II) A modified Volt/VAr control is developed to cope with the dynamics of voltage deviations using
the limited capacity of FCS inverters for VAr compensation. As such, the parameters for Volt/Var control
are tuned according to the locus and the optimal energy management of FCS. Also, without necessitating
a real-time correlation with the grid operator or affecting the PEVs’ charging, the voltage quality can be
maintained in an acceptable range.
III) The inherent characteristics of the Lithium-ion (Li-ion) batteries in commercial PEVs and the
convenience of PEV owners, besides the degradation and the permissible operating point of the battery
ESS, are taken into consideration for the optimization problem at the RDC level.
IV) The heterogeneous PEV charging is modelled and assessed using the queuing theory, considering
the realistic data, e.g. the statistical information for the available PEVs. Other factors such as the effect of
the SoC on the charging acceptance curve, are considered.
Accordingly, the effects of the integration of FCSs are evaluated for different scenarios and it is shown
that the proposed CHEM can mitigate the drastic electrical impacts of the operation of FCSs in
distribution grids, minimize the electricity cost and the charging load variance for the FCSs, and provide a
reliable and fair PEV charging for the FCSs’ customers.

6.6 The Consecutive Energy Management Process
The proposed CHEM process includes a CSC stage that is managed by the grid operator and an RDC
stage that is locally and autonomously performed by the FCS moderators.

6.6.1 Central Supervisory Control (CSC)
The objectives of the CSC are to achieve a levelled profile for the active power demand of the FCSs
and to minimize the cost of purchased energy to the FCSs while maintaining the grid’s codes. The
establishment of the CSC is based on the concept of RHC [16], [57]. RHC can provide a robust process to
alleviate the network’s uncertainties and allow modifying the control variables based on updated data at
each time-step of the optimization. The following considerations are taken into account; (i) the active and
reactive power flow of every grid-connected FCS is managed by an FCS moderator, (ii) the FCS
moderator can approximate the energy demand of its corresponding FCS for the scheduling horizon. The
latter consideration can be plausible specifically for short scheduling horizons, given the statistics
regarding the penetration of the PEVs for different spatial/temporal states or the vehicles’ travel behavior.
The configuration for applying the CHEM is given in Figure 6.1. Also, Figure 6.2 illustrates the
schematic for the operation of the FCS incorporated with the ESS.
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The fitness function can be defined for the CSC stage as written in (6.1).
Minimize  csc = (1 +2 )

(6.1a)
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Figure 6.1. The proposed framework for the integration of FCSs in an MV distribution network.

Figure 6.2. The proposed topology for the converters of the FCS and battery ESS.
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The constraints for the active power management of the FCSs are given as follows:
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will be updated at the beginning of each time-step.
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The constraints in (6.2), (6.3) and (6.4) are to provide the estimated energy demand of the FCSs for the
scheduling horizon. Furthermore, the constraint in (6.5) is to avoid the simultaneous charging/discharging
of the ESS. The constraints in (6.6), also (6.7), (6.8) and (6.9) are to account the rating of the ESS
converter and the energy absorption/injection levels that are provided by the ESS at every time-step of the
scheduling horizon. It is to be mentioned that ideally, when the estimated energy demand of the FCSs is
accurate, considering (6.2), (6.3) and (6.4), the overall energy variation of the ESS for the scheduling
horizon would be zero as presented in (6.10).
K

    :



ess
,

=0

(6.10)
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In addition to the management of the active power for the DC/DC converters, as shown in Figure 6.2,
the required amount of injected reactive power can be controlled for the front-end AC/DC converter [16].
This is beneficial due to the probable changes of network operating points, as an example, an imprecise
load estimation may result in suboptimal values for the operation of the power system. Also, unpredicted
over-voltages and voltage drops are conceivable for a distribution network congested with DERs and
different high-power loads [22], [131]. Hence, the droop curve in (6.11) is defined to be assigned for the
FCS AC/DC converter and employed for the optimization problem in (6.1).
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where the upper and lower limits for the VAr compensation are defined as given in (6.12):
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The load flow constraints and other electrical constraints of the distribution power system are required
to be fulfilled as follows:
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where in (6.13) and (6.14), the linearized form of the load flow constraints is taken into consideration for
the optimization function given in (6.6) [98]. Also, the constraints in (6.17) and (6.18) would be assigned
to account the permissible current of the power lines and the rating of the main transformer, respectively.
The solution of the optimization problem formulated by the function in (6.1) would be the vectors of
the optimal values for the purchased active power and the lower and upper limits for the quasi-real-time
Volt/VAr control for the scheduling horizon, whereas based on the concept of RHC, only the first element
of these vectors is permissible for the next operational time-step.

6.6.2 Resilient Distributed Control (RDC)
To cope with the stochastic charging demand of the PEVs with the use of the ESS, also to maintain the
voltages of the grid nodes within an acceptable limit, the RDC is designed. As mentioned previously, the
energy demand of the FCSs can be estimated by the statistical information. However, given the inherent
nature of the Li-ion batteries, the permissible power during the fast charging of the PEVs, would be
influenced by different parameters, e.g. the temperature and the SoC. As a result, the horizon-based
control of the PEV charging power can be a stringent task, hence the quasi-real-time control of the PEVs
and ESS is proposed. The resolution for the RDC is assigned to be 1 minute. The fitness function for the
RDC is formulated as in (6.19):
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(6.20)

(6.21)

max
t  t : socexp
,t +1  soc

(6.22)

where the objective function in (6.19b) is designed to provide the fair and convenient PEV charging for
the FCS customers. Also in (6.21), f is the linearized estimation of the maximum charging power based
on the SoC, taking into account that the values of charging power during the C-V mode can be tabulated
based on the SoC amount for every PEV. Also, in (6.21) and (6.22), soc exp
, t +1 is the expected value of the
SoC for PEV at the end of the 1-min interval, for the condition that the PEV would be charged with
f (soc ,t ) .

While the constraint for the state of energy (SoE) of the ESSs is regarded for the CSC stage in (6.9), it
should be also addressed for the real-time operation of the ESS as presented in (6.23), (6.24) and (6.25).
Furthermore, to mitigate the divergence of the SoE from its inceptive value during the RDC, a convex
polynomial cost function is defined for the operation of the ESS [132]:
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where in (6.32), the coefficients and the degree of the polynomial function are specifically assigned to
penalize the violation of the SoE allowable limits.
The impacts of the degradation of the Li-ion batteries on the operation cost of the ESS is also
considered, as presented in (6.27). Many factors, e.g. the DoD, the SoC, the C-rate and the D-rate and the
application environment are related to the battery aging. Amongst different factors that can facilitate the
degradation of the Li-ion batteries, the impacts of the temperature and the depth-of-discharge (DoD) can
be substantial and the impacts from other factors can be neglected [10].
Accordingly, the cost function in (6.27) is defined:
t  t :deg
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where the cost function in (6.27) is for one charge/discharge cycle, also dod ,
cap

cyc
cyc
anddod
tem

are the

functions to approximate the remaining capacity of the ESS based on the DoD, and the number of cycles
for the ESS based on the temperature and the DoD, respectively [133].
The following constraint should be fulfilled for the optimization problem for the RDC stage to ensure
that the active power flow of the FCS would be controlled based on the optimal values specified in the
CSC stage.


t   t : (



c
,t ) +  ,t

−

d
 ,t

=

pur
 ,

(6.28)

=1

During the RDC, the voltage at the point of common coupling (PCC) of the FCS will be constantly
monitored. Accordingly, the amount for the VAr compensation of the FCS will be assigned based on the
droop characteristic given in (6.29):
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Subsequently, for the normal operation of the distribution power system, when the status of the power
system is under the condition considered for the CSC stage, the injected/absorbed reactive power will
have the exact optimal value determined by the grid operator. This means that the value of
will be equal to the value of

,

,t

in (6.29)

in (6.11). Otherwise, only in the case of the violation of voltages at the

FCS nodes, e.g. due to an unforeseen voltage drop, the injected/absorbed reactive power of the FCS will
be modified following the actual voltage at the FCS node, based on the optimal parameters ( V n , and
V n , ) for the droop curve in (6.29), as predetermined by the grid operator at the CSC stage.

The main advantages of the proposed Volt/VAr technique are:
(i) Unlike existing Volt/VAr techniques, the VAr compensation will be allocated by the grid operator
based on the global optimization, considering the optimal energy management of FCSs as specified in
(6.1), the topology of the power system, and the locus of the FCSs as specified in the linear power flow
constraints in (6.13) and (6.14), and the electrical constraints of the power system. Obviously, during the
RDC stage, the Volt/VAr control would not affect the PEVs’ charging, since the active power flow of the
FCSs will remain constant as determined by the grid operator.
(ii) Unlike the existing Volt/VAr techniques, this approach provides the unbiased and fair participation
of all FCSs in the VAr compensation.
(iii) The grid operator can realize and direct the operating point of the power system, including the
reactive power flow of the FCSs, by specifying the unique droop curve for every FCS as presented in
(6.11).
The control logic diagram for the implementation of the proposed CHEM is demonstrated in Figure
6.3.

Figure 6.3. The control logic diagram for the implementation of the proposed CHEM.
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The applicability of the proposed algorithm can be affirmed as follows: (i) the FCS moderators can
participate at the CSC stage, without any prior cognition about the precise charging profile of the PEVs
and real-time collaboration with the grid operator. As such, the grid operator can realize and direct the
operating point of the power system with a low computational burden and simplified communication
system, (ii) the hardware to implement the proposed algorithm can be easily realized, whereas the fast and
decoupled regulation of the active and reactive power components for FCS converters can be practically
implemented [109], (iii) only the remaining capacity of the AC/DC converters in the FCSs will be
assigned for the VAr compensation and the main operation of the FCSs for PEV charging will not be
influenced. Furthermore, the operating point and the configuration of the power network, e.g. the locus of
the FCSs, and the uniformed allocation of reactive power compensation are taken into account for
assigning the upper and lower limits of the Volt/VAr control represented in (6.11), (iv) the convenience
of the PEV owners and the PEVs’ charging acceptance curves are taken into account to ensure the
commitment from the PEV owners to the PEV charging management, (v) both the technical constraints of
the electric components and the economic operation of the power system are regarded, simultaneously,
with a straightforward structure.

6.7 PEV Load Modelling
The methodology to model the charging power profile of the FCSs is developed considering: (i) the
PEVs charging pattern, e.g. the arrival/departure behavior, and (ii) the electrical load behavior of the PEV
batteries. For this objective, the queuing theory is adopted taking into account that the charging service to
the PEVs follows an M1/M2/c queue [103], [104] where M1 denotes the inter-arrival time of the PEVs that
is expressed by a Poisson process, M2 denotes the service time of the PEVs and c denotes the maximum
number of the PEVs being charged, simultaneously. To sensibly emulate the electrical load behavior of
the commercial PEVs during fast charging, the charging acceptance curve of a PEV equipped with Li-ion
batteries is taken into consideration, the specification of the PEV used for the case studies is given in
Table 6.1.
Table 6.1. The Parameters of the PEV in the Case Studies
Model
Battery type
Rated Battery Capacity
Number of cells, Min/Max cell voltage
Nominal cell/pack voltage

Nissan leaf 2013
Li-ion
24 kWh/66.2 Ah
96, 2.5 V/4.2 V
3.8 V/360 V

Li-ion batteries are widely utilized in the PEVs due to their high energy density, low self-discharge
rate, suitable charging cycle life and acceptable safety [3]. The charging process of Li-ion battery cells
generally comprises the C-C and C-V regions, where the battery cells would be charged with a constant
charging current until a particular value of SoC. After that, as assigned by the battery management system
(BMS) of the PEVs, the current of battery cells drops moderately with the increase of the SoC. Also,
other factors, e.g. the temperature and the inceptive SoC can affect the charging acceptance curve. The
methodology for generating charging scenarios can be summarized as follows:
a) Determining the inter-arrival time of the PEVs for every FCS; the PEVs arrival follows a non-
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homogeneous Poisson distribution, whilst the arrival rate for every hour is extracted from [16] and
justified based on the considered spatial/temporal condition of the FCSs.
b) Generating the number of PEVs that are simultaneously charged in the FCS; the number of the PEVs
being served at the same time can be randomly generated according to the discrete distribution in (6.30),
where v is the number of PEVs, 1/λt is the mean of inter-arrival times and 1/µt is the mean service time
[103].
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c) Specifying the inceptive and desired SoC values for the PEVs being served at the FCS; the inceptive
SoC values for the PEVs’ batteries are generally dependent on the daily driven mileage of the PEVs (d),
as given in (6.31a), whilst the daily driven mileage of the PEVs can be represented as a lognormal
probability distribution with mean μ and variance σ2 in (6.31b).
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where in (6.31a), dmax is the maximum range of the PEVs.
d) Assigning the duration of charge required for each PEV; the duration of charge is assigned following
the inceptive SoC of the PEVs as described in [104].
e) Calculating the charging current/power of every PEV and the total charging power demand of the
FCS; the charging acceptance curve can have an intricate characteristic for the PEV fast charging. The
charging current of the PEV battery cells (Icell) can be expressed according to the SoC as given in (6.32):
nom
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 1  exp( − 2  soccell ,t ), soccell ,t  soccell
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where in (6.32), I cell
, soccell ,t , soccell
and capcell
are the nominal current of the battery cell, the SoC of

the battery cell at time t, the SoC value when the charging varies from the C-C mode to the C-V mode
and the rated capacity of the cell in Ah. Also,

1 and

2

are the parameters for the exponential function

to model the cells current in the C-V region and their values are estimated by curve fitting using the data
from the empirical analysis for the PEV in Table 6.1. So that the charging acceptance curve of the PEV
was extracted through field studies using the available 2013 Nissan Leaf, while the PEV was charged
using a Tritium Veefil-RT 50 kW fast charger to achieve the realistic PEV characteristic. Clearly, the
CHEM process can be applied to the FCSs, when other mid-size or full-size PEVs with higher battery
capacities (including Nisan leaf 2018/2019/2020) are charged, irrespective of their rated battery capacity.
The electric circuit-based battery model in Figure 6.4 is taken into account to achieve the charging
power of the battery cells.
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Figure 6.4. The equivalent circuit for modelling the PEV battery cells.
The voltage of battery cells (Vcell) in the C-C region is then presented as follows:
Vcell = ( Ro  I cell +

Ah
capcell
−t
)exp(
) + ( Ro + Rw )  I cell + Voc
Cw
Rw  Cw

(6.33)

where, the parameters in (6.33), namely Ro, Rw and Cw, can be approximately defined as a polynomial
function of the SoC and the charge rate (Cr) [3].
The BMS maintains Vcell to be constant for the C-V region. The charging power of the battery cells can
be presented as (6.34):
ch
Pcell
= I cell  Vcell

(6.34)

Accordingly, the charging power of each PEV can be estimated, and considering the number of the
PEVs being charged at the same time in the FCS, the total charging power of the FCSs can be obtained.

6.8 Case studies, Results and Discussions
6.8.1 Test System Description
The models for the load flow studies are developed in MATLAB and PSCAD, where the studied
medium voltage (MV) distribution power system is based on the IEEE 31-bus system, as presented in Fig
5. This is because at MV levels, electric consumers, including the FCS in Fig. 2, are normally considered
to be balanced three-phase loads [18].

Figure 6.5. The single-line diagram of the MV test feeder for the case studies.
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The balanced loading is taken into account for the transposed three-phase system shown in Figure 6.5.
To derive the active and reactive power profile at each node for different times of the 24-hour scheduling
horizon, according to the constant PQ load model and the penetration levels of various commercial and
household loads, the bottom-up modelling is implemented. For analyzing the operation of FCSs at the
different locus of the radial feeder, four FCSs are considered to be located at bus number 5, 13, 18 and 22.
Furthermore, the proposed CHEM process is developed in MATLAB and operates in parallel with the
platform for the load flow analysis in PSCAD.

is considered to be 30 minutes, and the actual and

forecasted electricity tariffs for each time-step, also the levelized cost of energy (LCOE) for the ESSs are
taken from the electricity companies in NSW, Australia. Solutions of the optimization problems are
ess

obtained using the nonlinear solvers available in MATLAB. c , d , ic , socireq , soeess
, soe are

specified as 0.96, 0.94, 0.92, 0.80, 0.10 and 0.90, respectively. These values are specified considering the
nominal specifications given by the manufactures of battery ESSs and PEV chargers. Although the values
of c , d and ic can slightly change during the realistic operation of the converters, the overall impact
on the energy management of the FCSs is negligible [115].
The nominal power ( Pchnom ), the number of fast chargers and the capacity of the FCS AC/DC converter
are determined as 50 kW, 8 and 400 kW, which are based on the expected penetration of the PEVs and
the ongoing projects in NSW, Australia. The maximum allowed charging/discharging power and the
nominal capacity of the battery ESS, are assigned to be 400 kW and 750 kWh respectively for all the
FCSs. These values are chosen following the assessment of several scenarios for the energy demand of
the FCSs and the maximum injected/absorbed energy that is essential for the ESS during a 24-hour
horizon and the maximum mismatch considered for the actual and forecasted energy demand of the FCSs.
Also, the economy and the availability of the technology for the battery ESSs are considered.
The parameters for (6.33) are based on a battery cell that has a similar specification to the battery cell
in the test PEV [3]. The same type of battery cells is considered for the battery ESS. The electric circuitbased battery model is also used for determining the exact power of the ESS. The nominal temperature
and cycle life for the operation of the ESS are specified to be 25°C and 3650, respectively. The
temperature is considered to vary between 16°C - 32°C during the 24-hour scheduling horizon. This is
based on the realistic temperature’s variation for a 24-hour scheduling horizon considering the geography
of the expected location of the FCSs in Sydney, Australia. The temperature can drastically change during
different seasons. Despite this issue, the Li-ion battery packs are normally equipped with a battery
thermal management system (BTMS). As such, the BTMS controls the temperature of the battery cells to
be in an optimal range so that the impacts of harsh temperature variations can be omitted [134].
To provide the energy estimation of the FCSs for the grid operator, the actual energy demand of each
time-step is randomly changed so that the root mean squared error (RMSE) of the produced data agrees
with the load forecasting method [135]. For all case studies, the primitive ESS SoE is assigned as 0.50
and the assessed 24-hour scheduling horizon is from 6:00 am.

6.8.2 Energy Cost to the FCSs
Table 6.2 summarizes the energy costs to the FCS moderators for two case studies: case study 1 is the
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scenario in which the PEV charging is not managed and the electricity tariffs and grid codes are
disregarded, moreover the FCSs are not integrated with the ESS and case study 2 in which the battery
ESS is integrated with the PEV chargers as presented in Figure 6.2, and the proposed CHEM is employed
for the energy management of the FCSs.
Table 6.2. The Energy Cost to the FCS Moderator ($)
Case study 1
Case study 2

Energy
LCOE
Energy
LCOE

FCS1
406.83
145.58
39.19

FCS2
348.77
96.94
35.96

FCS3
362.55
128.00
38.60

FCS4
361.80
160.71
37.85

Total
1479.90
531.23
151.60

As given in Table 6.2, the cost for the purchase of energy is decreased for all the FCSs, when the
proposed CHEM process is applied for the PEV charging, despite the uncertainties of electricity prices
and the energy demand of FCSs. Moreover, the costs are still lower when the initial and the maintenance
costs for the battery ESS are taken into account as the LCOE for the operation of FCSs.
6.8.3 Voltage Profile under Different Case studies
Given that one objective of the proposed CHEM is to maintain the constraints of the power network,
the voltage profile is assessed for different case studies. In Figure 6.6 the voltage profiles for all nodes in
the test feeder are presented for a base case study; where there is no FCS in the power system, also for
case studies 1, 2 and case study 3. Case study 3 is identical to case study 2, except that the AC/DC
converter of the FCSs doesn’t provide the VAr compensation. So that in case study 2, the FCSs
participate in the voltage control based on the control set-points predefined by the grid operator for the
resilient Volt/VAr control. While, in case study 3, the maintaining of the grid codes would be only
obtained through the active power control. In all these case studies, it is considered that the forecast of the
load profile at the nodes without the FCS is accurate and the uncertainties are only associated with the
energy price and the energy demand of FCSs.

(a)
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(b)

(c)

(d)
Figure 6.6. The voltage profile for the 24-hour scheduling horizon for; (a) base case study, (b) case study
1, (c) case study 2, (d) case study 3.

(a)
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(b)

(c)

(d)
Figure 6.7. The voltage profile for the scenarios with inaccurate load forecast for; (a) base case study, (b)
case study 1, (c) case study 2, (d) case study 3.
To assess a more intensive condition, the power flow studies are also carried out for the base case
study, and case studies 1, 2 and 3, in a scenario in which the forecast for the load profile at the nodes
without the FCSs is imprecise. To this aim, the actual power demands are modified similar to the method
used for providing the forecast of the energy demand of FCSs and the voltage profiles are illustrated in
Figure 6.7.
In Figure 6.6 and Figure 6.7, the voltage deviations of the load buses are more severe at the evening
time for all case studies, also the voltage drops are much less intensive for the base case study than the
case studies with the FCSs. As expected, the additional power demand essential for the PEV fast charging
affects the voltage profile, specifically for the buses downstream the feeder. The voltage limits are
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violated for the stressed buses in case study 1, see Figure 6.6(b) and Figure 6.7(b). Whilst, the deviation
of voltages is within the acceptable limits for both case studies 2 and 3, as presented in Figure 6.6 and 6.
Nevertheless, as shown in Figure 6.7(d), in case study 3, the voltage deviations are near the extreme
values for the scenario with load uncertainties. In contrast, in case study 2 the voltage deviations can be to
some extent controlled even for the scenarios with load uncertainties, which is because of the designed
reactive power droop control.
The occurrence of unpredicted phenomena, e.g. sudden connection of heavy loads or electrical short
circuits, are highly conceivable in a distribution power system, which can produce short- and long-term
voltage deviations. Therefore, the nominal voltage is assigned as the reference voltage and the power flow
studies have been carried out to determine the voltages. Meanwhile, an incidence, defined as the
switching of a large load connected to the feeder’s end (bus 14), is randomly replicated during the power
flow studies for the base case study and case studies 1, 2, and 3, and the rms voltage at different buses has
been presented as pu value of the reference voltage and illustrated in Fig. 8. The voltage profiles are
colored for the buses with FCS and for the critical bus that is the bus with the most intensive voltage
deviation. As shown in Fig. 8(b) and Fig. 8(d), the voltage deviations reach drastic values in case studies
1 and 3. A voltage sag is a short-duration reduction of the rms voltage, which is about 0.1 - 0.9 pu, also,
its duration can be between 0.5 cycles and 1 minute [30]. In the majority of voltage sags, the voltage
drops to approximately a constant value and after a short time, the voltage recovers to the previous level
[30]. As such, the voltage reduction at bus 14, as shown in Fig. 8 can be taken into account as a voltage
sag. For case-study 1, the residual voltage for the voltage sag at bus 14 is 0.9082 pu, and the time between
the voltage sag’s start and end threshold, i.e. the duration of the voltage sag, is approximately 1 minute.
Also, the minimum voltage values for the critical bus (bus 14), are 0.9182 pu and 0.9097 pu for the base
case study and case study 3, respectively. In addition to the voltage sag at bus 14, the switching of the
large load at bus 14 induces a voltage drop in the distribution system, including the buses of the FCSs, as
shown in Fig. 8. However, given the VAr control for case study 2, the minimum voltage is 0.9242 pu,
during the 24-hour scheduling horizon.
To better elucidate the operation of the RDC for mitigating unpredicted short-term voltage deviations,
in Fig. 9 the voltage and the reactive power profile at the FCS buses are presented for case study 2. The
injected reactive powers of FCS 1, FCS 2, and FCS 3 are near the available capacity of the ac/dc
converters for VAr compensation before the voltage drop, see Fig. 9. Following the voltage deviation, due
to the Volt/VAr control strategy, the injected reactive power increases to mitigate the voltage drop.
Hence, the proposed process can effectively ensure that the voltage constraints of the distribution
networks are respected.
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(a)

(b)

(c)

(d)
Figure 6.8. The voltage profile for the critical scenarios for; (a) base case study, (b) case study 1, (c) case
study 2, (d) case study 3.
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Figure 6.9. The voltage and the reactive power during the occurrence of the voltage sag for the buses with
the FCS.
6.8.4 Energy Management Using the CHEM
The efficacy of the proposed CHEM for the energy management of the FCS during the quasi-real-time
operation is assessed as shown in Figure 6.10. The charging demand of the FCS during case study 2, the
power of the battery ESS, the purchased power and the SoE of the battery ESS are illustrated during the
24-hour scheduling horizon.

(a)

(b)
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(c)

(d)
Figure 6.10. The purchased power, the PEV charging demand and the power and the SoE of the battery
ESS for; (a) FCS 1, (b) FCS 2, (c) FCS 3, (d) FCS 4.
As shown in Figure 6.10, by using the battery ESS, the highly dynamic power demand required for the
PEV fast charging is smoothed. The scheduled power demand for all time-steps is equal to the purchased
power in the CSC, while the ESS is charged/discharged to absorb/inject energy to meet the constraint
given in (6.28). Also, the constraint for the SoE of the battery ESS is fulfilled for all FCSs. Furthermore,
given the RHC, the SoE of the battery ESS is about the primitive SoE assigned for the battery ESS for all
FCSs. This can be further improved by increasing the accuracy of the energy estimation of the FCSs. As
stated before, these FCSs are at different locations with a different arrival rate of PEVs. As such, FCS4 is
more populated than FCS3 and operates with high capacity in most of the time-steps. In that case, less
flexibility can be provided for the PEVs charging management in FCS4 to shift its load to the times with
the lower electricity prices, otherwise, it contradicts with the convenience of the FCS customers. For such
cases, the flexibility for load shifting is mainly provided by the ESS. This is realized by comparing the
SoE of ESSs for FCS3 and FCS4, where the energy variation of the ESS in FCS4 to provide the load
shifting is more considerable. To demonstrate the impacts of the proposed CHEM process on the charging
of the PEVs, as an example, the PEV charging demand is presented in Figure 6.11 for FCS 1 in case study
1 and 2.

120

Figure 6.11. The charging demand in case study 1 and the charging demand and the purchased power of
FCS 1 in case study 2.
As shown in Figure 6.11, the implementation of the CHEM would barely affect the PEV charging,
while the decrease and the shifting of the PEV load are necessary during some time intervals to fulfil the
constraints for the RDC. This guarantees that the electric constraints of the power network can be
respected and a more flattened load profile and lower cost can be provided to the FCS moderators.
6.8.5 Practical Implementation of the CHEM Process
The application of the proposed CHEM process is practicable, because: (i) The CHEM process is based
on the topology shown in Fig. 2, for the integration of fast chargers and battery ESS, the design and
development of the topology in Fig. 2, have been well discussed and experimentally validated in previous
studies [126], [127]. (ii) The integration of dc FCSs and battery ESS has been commercially implemented
before. Meanwhile, many commercial EVs are equipped with a dc inlet to provide fast charging of battery
pack and generally it is possible to directly charge mass-produced PEVs through high power off-board
chargers. (iii) There is no need for a powerful microcontroller, because of the reduced computational
burden of the CSC and the quasi-real-time control of the PEVs and ESS. For example, the optimization
problems in (6.1) and (6.19) are solved using an Intel Core i7 processor with 16.0 GB of RAM. (iv) The
communication link between the grid operator and the FCS moderators is only for the exchange of
sporadic low bit rate data for every 30 minutes. In that case, the data exchange can be easily achieved
using the low-power wide-area
network (LPWAN) or via the internet. (v) Furthermore, realistic factors, e.g. the technical requirements
for the power grids and the battery ESSs, the inherent characteristics of the PEVs and the convenience of
PEV owners, are taken into consideration for the optimization problems in (1) and (19).
To ensure that the gap between the theoretical derivations and the practicable application of the
CHEM, can be reduced substantially, real-world data, e.g. the statistical information for the available
PEVs and energy prices from the electricity companies, have been used for the case studies. Likewise, the
electric parameters are based on realistic available data for the distribution power systems (the capacity of
FCSs, the rating of power lines, etc.) or the results from the field studies using commercial equipment.
As a result, it can be concluded that by the adoption of the CSC, the active profile of the FCS can be
optimally managed considering the grid constraints. Also, the uncertainties of the system can be further
mitigated by the proposed RDC.
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For future works, the authors are planning to design an acquisitive control system to regulate the dclink voltage and the PEVs’ charging in addition to the control of converters to follow the control setpoints for active and reactive power flow. It is envisaged that the detailed design of the topologies and the
compensation circuits for the FCS converters and a hardware prototype of the CHEM will be
implemented in the laboratory.

6.9 Summary
In this chapter, a consecutive horizon-based energy management (CHEM) process is proposed for the
optimal techno-economic operation of the fast-charging stations (FCSs). To provide both the energy
management of FCSs and active and reactive power control to maintain the grid codes, the proposed
CHEM process employs a supervisory control that assigns the optimal control set-points with low
complexity and a novel resilient distributed control for the real-time and autonomous operation of the
FCS. To evaluate the effectiveness of the proposed process, the heterogeneous PEV charging is modelled
using the queuing theory and different realistic scenarios for the operation of the power systems with the
FCSs are replicated. As shown in the case studies, using the proposed CHEM, the cost for the purchase of
energy is decreased for all the FCSs, even considering the operational cost for the integration of battery
ESS. Also, the active profile of the FCSs can be optimally managed considering the grid constraints, so
that the FCSs can follow the optimal operating point set by the grid operator and the highly dynamic
power demand required for the PEV fast charging is smoothed, autonomously, while at the same time the
convenience of the PEV owners and the technical constraints of the battery ESS are considered.
Meanwhile, with the active and reactive power control, the voltage deviations can be well confined. Also,
the uncertainties of the power systems for energy management can be addressed using the RHC and the
dynamics of voltage deviations can be mitigated using the novel Volt/VAr control. In future, the
experimental implementation of the proposed CHEM process for the FCSs, when other types of PEVs
with different ranges of rated battery capacity become available, will be carried out.
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Chapter 7: A Consecutive Energy Management
Approach for a VPP Comprising Commercial Loads and
Electric Vehicle Parking Lots Integrated with Solar PV
Units and Energy Storage Systems
7.1 Foreword
Renewable energy resources (RES), such as photovoltaic (PV) solar systems, are environmentally
friendly and can help to meet the fast-growing load demand. Further, electric vehicle (EV) is a reliable
alternative for the conventional vehicles given its technical and environmental advantages. However, due
to the intermittent nature of the solar PV output, and also the electric and the economic issues that can be
caused by the EV mass charging, a suitable paradigm is necessary for a better integration of EV charging
with PV systems in distribution power systems. In chapter 7, a model of a virtual power plant (VPP),
comprises the PV system and the EVs’ parking lot, connected to a distribution power grid is developed. A
consecutive energy management (CEM)-based methodology is presented to assign an organized and
economic energy management system for the VPP and to address the electric constraints for the power
systems. Both the electric and economic impacts of the VPP and the efficacy of the CEM method are
assessed through different case studies. The results from the case studies show that the proposed CEM
method can decrease the cost of energy to the VPP and facilitate the integration of the VPP in power
systems under varying system conditions.

7.2 Nomenclature
𝓀∈𝐾

The index, set of time-steps.

ℓ∈ℒ

The index, set for the VPPs.

𝓃∈𝒩

The index, set for the PEVs.

𝒾∈ℐ

The index, set for the buses of the distribution system.

𝛽∈ℬ

The index, set for the branches of the distribution system.

𝑒𝑠𝑠
𝑐𝑠𝑡ℓ,𝓀

The degradation cost of the ESS.

𝒯

The final time-step of the optimization time horizon.

buy/sell
𝜎𝓀

The purchase and selling prices of electricity.

𝒽

The duration of each time-step.

bld
𝒫ℓ,𝓀
,

The power demands of the building.

prkg

The power demand of the parking lot

pv

The forecasted total electric power generated by the PV system.

pv2vpp

The part of the PV generated power for supplying the building and the parking

𝒫ℓ,𝓀
𝒫ℓ,𝓀
𝒫ℓ,𝓀

lot consumption.
pv2g

𝒫ℓ,𝓀

The part of the PV generated power that VPP controller can offer to the
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electricity market as the surplus energy of the VPP.
𝒫ℓ,𝓀

The charging and discharging power of the ESS at time-step 𝓀 for VPP ℓ.

𝜂𝓃ch

The charger efficiency.

ch
𝒫𝓃,𝓀

The charging power of EV 𝓃 at time-step 𝓀.

ess+/−

req

The total energy demand to fully charge EV 𝓃.

𝓀𝓃

plgin(plgout)

The plugin/plug-out times of EV 𝓃.

add
𝒫ℓ,𝓀

The total power demand of the arriving EVs at time-step 𝓀.

ℰ𝓃

𝒫ℓ,𝓀

The estimated total power demand of the EVs for time-step 𝓀.

𝒩𝓀

The number of EVs in the parking lot at time-step 𝓀.

𝜌ℓint

The cost of the battery ESS.

𝑐𝑎𝑝ℓ𝑒𝑠𝑠

The battery capacity of ESS ℓ.

𝑙𝓀

The auxiliary variable, that enforces the fact that the ESS cannot be charged and

prkg,est

discharged at the same time.
ess
𝑆𝑜𝐶ℓ𝓀

The state of charge (SoC) of the ESS.

ess2vpp

𝒫ℓ,𝓀

The part of the ESS discharging power to supply the building together with the
parking lot.
The part of the ESS discharging power that VPP controller can offer in the

ess2g

𝒫ℓ,𝓀

electricity market.
ess
𝒫ch,max
,

ess
𝒫dsch,max

The maximum allowable charging/discharging power of the ESS.

ess
𝑆𝑜𝐶min(max)

The minimum/maximum allowable SoC of the ESS.

ess
𝜂ch(dsch)

The efficiency of charging/discharging of the ESS, at time-step 𝓀 for VPP ℓ.

𝑉𝒾,𝓀 = |𝑉𝒾,𝓀 |𝑒 𝑗𝛿𝒾,𝓀

The voltage at bus 𝒾.

𝑉min (max)

The minimum/maximum allowed bounds for the rms voltages.

𝑆𝑡

The apparent power of bus 𝒾 at time-step 𝓀.

𝐼𝛽,𝓀 ,

The current of branch 𝛽 between bus 𝒾.

𝑟𝑎𝑡𝑖𝑛𝑔

𝐼𝛽

The rating current of branch 𝛽 between bus 𝒾.

𝑅𝛽 , 𝑌𝛽 = |𝑌𝛽 |𝑒 𝑗𝜃𝛽

The resistance and the impedance of branch 𝛽 at time-step 𝓀

𝒫𝛽,𝓀 , 𝒬𝛽,𝓀

The active and the reactive power flow of branch 𝛽 at time-step 𝓀.

𝑟𝑎𝑡𝑖𝑛𝑔

7.3 Background
Due to the limitations and environmental drawbacks of fossil fuels for electricity generation and
transportation and also the fast-growing demand in energy markets, it is essential to consider other
reliable and environmentally friendly energy resources. Consequently, the use of renewable energy
sources (RESs) has been increasingly growing, and the RESs appear to be the future prevalent
technologies given their continuously reducing cost and increasing efficiency. However, given the
unpredictable and intermittent nature of RESs, certain challenges still need to be addressed. Likewise,
electric vehicles (EVs) are feasible solutions for future transportation systems. Nonetheless, to expand
their applications, major technical and economic challenges remain to be addressed. In this context, the
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integration of commercial/residential buildings and EV parking lots with RESs and/or energy storage
systems (ESS), as a virtual power plant (VPP) operated by a system operator or a VPP controller has been
endorsed by many studies [14], [24], [91], [116], [136], [137], because: (i) the RESs can be used to
supply energy demand required by the EV chargers and other local loads, specifically during peak hours
with high electricity rates, and (ii) such a configuration offers more flexibility for the system operator to
mitigate the intermittency of RESs and also to take advantage of lower electricity prices at night. For
example, during midday when the outputs from the PV is higher, EVs and ESS can be charged to absorb
the excess energy produced by the PV solar system and this stored energy can flow back to the power
system when necessary.
In [116], a cost reduction has been demonstrated by deploying a hybrid algorithm for a photovoltaic
(PV) integrated with an EV charging station and an ESS. The focus of the study in [116], is on the energy
management of the ESS, while the degradation cost of the ESS has been also taken into account. The
proposed energy storage management in [116], consists of three different operations and the system
operates between the deterministic and rule-based approaches based on real-time data. To decrease the
operational cost and to optimize the offer/bid strategies for an ensemble with charging stations coupled
with ESS in the electricity market, a scheduling framework has been presented in [136]. The degradation
costs of the ESS, the stochastic load of the charging station and the uncertainties of the electricity prices
have been also taken into consideration for the proposed framework in [136]. In [91], the authors have
proposed a two-stage economic operation framework for an EV parking deck with rooftop PV panels,
where the first stage includes a stochastic method to specify the marginal price considering the
intermittency of the solar energy generation. The second stage is to deal with the varying load of the EVs’
charging. According to the case studies in [91], such a two-stage approach can offer a more reliable
operation to mitigate the uncertainties of the distributed energy sources and EV charging load and it can
increase the total revenue for the system’s operator. Similar approaches have been suggested to diminish
the uncertainties associated with the EV charging and RESs in [24], [137]. In [137], two different twostage control algorithms have been proposed for the energy management of the office buildings with EVs
and PV panels, where the first stage of the algorithms is for the day-ahead planning and the second stage
is for the real-time operation to reduce the operation cost by coordinating the EV charging. The discharge
of the EVs’ batteries and a stand-alone battery system has been also proposed to counteract the mismatch
between the two-stages in [137]. The authors in [24] have presented a four-stage control algorithm for a
charging station in a commercial building with PV energy production, that is also deployed with a fixed
battery ESS. The control objective is to minimize the operating costs taking into account the uncertainties
of the system. Also, since the bidirectional power flow has been considered for the EV chargers, another
objective of the control algorithm is to balance the supply and demand through the discharging of the EV
and the ESS. Even though the four-stage algorithm results in better resiliency against uncertainties, it
increases the complexity of the system. The application of mixed-integer linear programming (MILP)
technique for the EV charging using PVs has been also demonstrated in [14]. The technique employs
strategies for market participation of the PV and EVs with the vehicle-to-grid (V2G) capability in the
electricity grid and the adoption of EVs to provide ancillary services with the reserve capacity of EV’s
batteries. In the study in [14], the benefits of V2G services have been compared with the degradation
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costs of the EV batteries. Furthermore, the utilization of an integrated single converter for both the EVs
and PV systems has been suggested given that such a structure can provide better efficiency and allows
the EV charging and the PV generation schedules to be optimally combined [14]. However, the
realization of such an infrastructure entails more advanced control systems and the need for modification
of the existing charging equipment and the PV inverters.
As a result, in the majority of the existing studies on the integration of EV charging and RESs, the main
function of the control algorithm has been to decrease the operational cost, whilst no further scrutinies
have been presented regarding the electric impacts of such entities or the need to meet the power
constraints in the distribution networks. Also, stringent and realistic models capable of illustrating the
varying load of the EV charging and the produced energy of RESs are scant in the existing literature.
In chapter 7, a consecutive energy management (CEM)-based methodology is presented which assigns
an organized and economic planning strategy for the energy consumption/production for a VPP, so that
the energy management of the VPP is operated by a VPP controller. The key objective of this study is to
devise a framework for the participation of the VPP controller in energy markets under varying system
conditions and uncertainties while facilitating the integration of the VPP in power systems by supporting
ancillary services. Also, both the electric and monetary effects of the VPP and also the efficacy of the
proposed CEM-based methodology are assessed using experimental studies and simulations.

7.4 The Proposed Consecutive Energy Management
The structure for the VPP includes a commercial area with an EV parking lot integrated with a PV
generation system and a battery ESS. The schematic of the VPP is shown in Figure 7.1. The proposed
CEM method includes hierarchies for energy management and for providing ancillary services. The first
hierarchy of the CEM includes a daily scheduling approach to provide the electric energy for the
consumers in the commercial area together with the charging demand of the parking lot and also to
maximize the monetary profit of the VPP controller. The second hierarchy contributes to the technical
requirements of the power system that will be achieved by providing reactive power compensation (RPC)
by the VPP.
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Figure 7.1. The proposed configuration for the VPP.

7.4.1 Daily Schedule
In the first hierarchy, the VPP controller participates in the energy market based on the initial
estimation of the electric demand of the commercial area and the parking lot, and the forecast of the
generated energy of the PV system. The main functions of this hierarchy are to supply the actual energy
demand of the VPP and also to minimize the energy cost. To address the prediction errors regarding the
generated power of the PV system and the power demand of the parking lot and the commercial area, the
VPP controller would control the rate of charging/discharging of the ESS and shift the charging demand
of the EVs using the receding horizon technique (RHT) as presented in [13]. The scheduling of the ESS
and also the parking lot will provide flexibility for the VPP controller.
The main objective is to minimize the energy cost for the VPP controller, 𝐶1, which is described as
follows:
𝒯
buy

𝑒𝑠𝑠
sell
𝐶1 = min ∑(𝑐𝑠𝑡ℓ,𝓀 + 𝑐𝑠𝑡ℓ,𝓀
− 𝑟𝑒𝑣ℓ,𝓀
), ∀ℓ ∈ ℒ

(7.1)

𝓀=1
buy

𝑒𝑠𝑠
sell
In (7.1), 𝑐𝑠𝑡ℓ,𝓀
is the degradation cost of the ESS and 𝑐𝑠𝑡ℓ,𝓀 and 𝑟𝑒𝑣ℓ,𝓀
are defined as (7.2) and (7.3),

respectively.
buy

buy

buy

∙ 𝒫ℓ,𝓀 ∙ 𝒽, ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.2)

sell
sell
𝑟𝑒𝑣ℓ,𝓀
= 𝜎𝓀sell ∙ 𝒫ℓ,𝓀
∙ 𝒽, ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.3)

𝑐𝑠𝑡ℓ,𝓀 = 𝜎𝓀

where ℓ is the index of the VPP, 𝓀 is the index of the time-steps and 𝒯 is the final time-step of the
buy/sell

optimization time horizon. Also, 𝜎𝓀

[$/kWh] are the purchase and selling prices of electricity and 𝒽
buy(sell)

[h] is the duration of each time-step, which is considered to be an hour. Moreover, (𝒫ℓ,𝓀

∙ 𝒽) is

equal to the energy purchased/sold from the electricity market at time-step 𝓀.
The following constraints should be fulfilled for the VPP:
prkg

dem
bld
𝒫ℓ,𝓀
= 𝒫ℓ,𝓀
+ 𝒫ℓ,𝓀 , ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾
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(7.4)

pv

pv2vpp

𝒫ℓ,𝓀 = 𝒫ℓ,𝓀
prkg

bld
where, 𝒫ℓ,𝓀
[kW] and 𝒫ℓ,𝓀

pv2g

(7.5)

+ 𝒫ℓ,𝓀 , ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

[kW] are the power demands of the building and the parking lot

pv

pv2vpp

respectively, 𝒫ℓ,𝓀 [kW] is the forecasted total electric power generated by the PV system, 𝒫ℓ,𝓀

is the

pv2g

part of the PV generated power for supplying the building and the parking lot consumption and 𝒫ℓ,𝓀

is

the part of the PV generated power that VPP controller can offer to the electricity market as the surplus
energy of the VPP, for time-step 𝓀.
The VPP controller should provide the energy demand of the building and the parking lot as described
in (7.6):
buy

{

pv

dem
sell
ess+
ess−
𝒫ℓ,𝓀
+ 𝒫ℓ,𝓀
+ 𝒫ℓ,𝓀
= 𝒫ℓ,𝓀 + 𝒫ℓ,𝓀 + 𝒫ℓ,𝓀
∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.6)

ess+
ess−
where, 𝒫ℓ,𝓀
[kW] and 𝒫ℓ,𝓀
[kW] are the charging and discharging power of the ESS at time-step 𝓀 for

VPP ℓ respectively.
The following constraints should be fulfilled for EV charging in the parking lot:
plgout

𝓀𝓃

req
ch
∑ 𝜂𝓃ch ∙ 𝒫𝓃,𝓀
∙ 𝒽 = ℰ𝓃 , ∀𝓃 ∈ 𝒩

(7.7)

plgin
𝓀𝓃

𝒩𝓀
prkg
𝒫ℓ,𝓀

ch
add
= (∑ 𝒫𝓃,𝓀
) + 𝒫ℓ,𝓀
,

(7.8)

∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

𝓃
prkg
𝒫ℓ,𝓀
req

prkg,est

≥ 𝒫ℓ,𝓀

plgin(plgout)

ch
where, 𝜂𝓃ch , 𝒫𝓃,𝓀
[kW], ℰ𝓃

[kWh] and 𝓀𝓃

(7.9)

, ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

[h] are the charger efficiency, the charging power of

EV 𝓃 at time-step 𝓀, the total energy demand to fully charge EV 𝓃, and the plugin/plug-out times of EV
add
𝓃, respectively. Moreover, 𝒫ℓ,𝓀
[kW] is the total power demand of the arriving EVs at time-step 𝓀,
prkg,est

add
(𝒫ℓ,1
= 0), whilst 𝒫ℓ,𝓀

[kW] is the estimated total power demand of the EVs for time-step 𝓀, that is

specified according to the statistical data. 𝒩𝓀 is the number of EVs in the parking lot at time-step 𝓀.
An important factor to be taken into account is the degradation cost of the ESS. Different models have
been developed to represent the effect of several charge/discharge cycles on the lifetime of the battery
ESS. The degradation cost of the ESS can be modelled by the following cost function [18]:
𝒯

𝑒𝑠𝑠
𝑐𝑠𝑡ℓ,𝓀

ess−
𝒫ℓ,𝓀
1
=
∙ 𝜌ℓ𝑖𝑛𝑡 ∙ |𝛾| ∙ ∑
, ∀ℓ ∈ ℒ
100
𝑐𝑎𝑝ℓ𝑒𝑠𝑠

(7.10)

𝓀=1

where 𝛾 is a coefficient to represent the lifetime of the battery as the number of cycles, 𝜌ℓint is the cost of
the battery ESS [$/kWh] and 𝑐𝑎𝑝ℓ𝑒𝑠𝑠 [kWh] is the battery capacity of ESS ℓ.
The following constraints are essential for the ESS:
100

ess
ess
ess
ess+
ess
ess−
𝑆𝑜𝐶ℓ,𝓀
= 𝑆𝑜𝐶ℓ,𝓀−1
+ 𝑐𝑎𝑝𝑒𝑠𝑠 ∙ [𝜂ch
∙ 𝒫ℓ,𝓀
− (1/𝜂dsch
) ∙ 𝒫ℓ,𝓀
], ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.11)

ℓ

ess2g

ess−
𝒫ℓ,𝓀
= 𝒫ℓ,𝓀

ess2vpp

, ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.12)

ess−
ess
0 ≤ 𝒫ℓ,𝓀
≤ 𝑙𝓀 ∙ 𝒫dsch,max
, ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.13)

ess+
ess
0 ≤ 𝒫ℓ,𝓀
≤ (1 − 𝑙𝓀 ) ∙ 𝒫ch,max
, ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.14)

ess
𝑆𝑜𝐶max

≥

+ 𝒫ℓ,𝓀

ess
𝑆𝑜𝐶ℓ,𝓀
,

128

∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.15)

ess
ess
𝑆𝑜𝐶min
≤ 𝑆𝑜𝐶ℓ,𝓀
, ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.16)

ess
ess
𝑆𝑜𝐶ℓ,1
= 𝑆𝑜𝐶ℓ,24
, ∀ℓ ∈ ℒ, ∀𝓀 ∈ 𝐾

(7.17)

where, 𝑙𝓀 = 0, 1, is an auxiliary variable, that enforces the fact that the ESS cannot be charged and
ess2vpp

ess
discharged at the same time, 𝑆𝑜𝐶ℓ𝓀
[%] is the state of charge (SoC) of the ESS, 𝒫ℓ,𝓀

ess2g

and 𝒫ℓ,𝓀

are

the part of the ESS discharging power to supply the building together with the parking lot and the part of
ess
the ESS discharging power that VPP controller can offer in the electricity market. Also, 𝒫ch,max
,
ess
ess
ess
𝒫dsch,max
, 𝑆𝑜𝐶min(max)
and 𝜂ch(dsch)
are the maximum allowable charging/discharging power of the ESS,

the minimum/maximum allowable SoC of the ESS and the efficiency of charging/discharging of the ESS,
at time-step 𝓀 for VPP ℓ, respectively.

7.4.2 Reactive Power Compensation (RPC)
Following the adoption of the first hierarchy, given the coordination of the PV generated power and the
charge/discharge of the ESS and also by scheduling the load demand, the energy cost to the VPP
controller can be minimized. However, to address the electric constraints of the power system, the VPP
can provide the RPC for the power grid in the second hierarchy. This service is feasible for the VPP
controller because: (i) it doesn’t intervene with the normal operation of the VPP, where the VPP
controller minimizes the energy cost by supplying the loads and selling energy to the grid and (ii) the
RPC is less complex in comparison to the active power control since the RPC can be achieved for each
time-step, independently.
Because the converters of the PV and ESS are capable of reactive power control, after solving the first
hierarchy, the RPC capacity will be determined for the PV and ESS. Afterwards, every VPP controller
will inform these values to the distribution system operator (DSO). Subsequently, the required amount of
the RPC will be determined based on the objective function in (7.18) together with the constraints in
(7.19), (7.20) and (7.21), and the nonlinear power flow constraints in (7.22) and (7.23) to minimize the
power losses in the power system:
𝐶2 = min ∑ 𝑅𝛽 ∙ (𝐼𝛽,𝓀 2 ),

∀𝓀 ∈ 𝐾

(7.18)

𝑉min ≤ 𝑉𝒾,𝓀 ≤ 𝑉max , ∀𝒾 ∈ ℐ, ∀𝓀 ∈ 𝐾

(7.19)

𝛽∈ℬ

ℐ
𝑟𝑎𝑡𝑖𝑛𝑔

|∑ 𝑆𝒾,𝓀 | ≤ 𝑆𝑡

, ∀𝓀 ∈ 𝐾
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𝒾=1
𝑟𝑎𝑡𝑖𝑛𝑔

|𝐼𝛽,𝓀 | ≤ 𝐼𝛽

, ∀𝛽 ∈ ℬ, ∀𝓀 ∈ 𝐾

(7.21)

𝑝
𝑝
𝑎
𝑎
∑ (|𝑉𝒾,𝓀
| |𝑌𝛽𝑎(𝑝) | |𝑉𝒾,𝓀
| cos (𝜃𝛽𝑎(𝑝) + 𝛿𝒾,𝓀
− 𝛿𝒾,𝓀
)

𝑎
𝒫𝛽,𝓀
=

𝑝∈{𝑎,𝑏,𝑐}
𝑝
𝑎
| |𝑌𝛽𝑎(𝑝) | |𝑉𝒿,𝓀
| cos (𝜃𝛽𝑎(𝑝)
−|𝑉𝒾,𝓀

𝑝

𝑎
+ 𝛿𝒿,𝓀 − 𝛿𝒾,𝓀
)) , ∀𝓀 ∈ 𝐾

(7.22)

𝑝
𝑝
𝑎
𝑎
∑ (|𝑉𝒾,𝓀
| |𝑌𝛽𝑎(𝑝) | |𝑉𝒿,𝓀
| sin (𝜃𝛽𝑎(𝑝) + 𝛿𝒿,𝓀
− 𝛿𝒾,𝓀
)

𝑎
𝒬𝛽,𝓀
=

𝑝∈{𝑎,𝑏,𝑐}
𝑎(𝑝)
𝑝
𝑎(𝑝)
𝑎
| |𝑌𝛽 | |𝑉𝒾,𝓀 | sin (𝜃𝛽
−|𝑉𝒾,𝓀

𝑝

𝑎
+ 𝛿𝒾,𝓀 − 𝛿𝒾,𝓀
)) , ∀𝓀 ∈ 𝐾
𝑟𝑎𝑡𝑖𝑛𝑔

where, 𝑉𝒾,𝓀 = |𝑉𝒾,𝓀 |𝑒 𝑗𝛿𝒾,𝓀 , 𝑉min (max) , 𝑆𝒾,𝓀 and 𝑆𝑡

(7.23)

are the voltage at bus 𝒾, the minimum/maximum

allowed bounds for the rms voltages, the apparent power of bus 𝒾 at time-step 𝓀 and the rating power of
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𝑟𝑎𝑡𝑖𝑛𝑔

the transformer, also, 𝐼𝛽,𝓀 and 𝐼𝛽

are the current and the rating current of branch 𝛽 between bus 𝒾 and

bus 𝒿, respectively. Further, p is the index of the electric phases and 𝑅𝛽 , 𝑌𝛽 = |𝑌𝛽 |𝑒 𝑗𝜃𝛽 , 𝒫𝛽,𝓀 and 𝒬𝛽,𝓀 , are
the resistance, the impedance, the active and the reactive power flow of branch 𝛽 at time-step 𝓀,
respectively.

7.5 Case Studies
7.5.1 Modelling the Distribution Power System
To analyze the electric impacts of the proposed VPP on the distribution power systems, a power
network is modelled based on a standard IEEE medium voltage (MV) test feeder, so that the balanced
distribution of the loads at all the phases is taken into account [79]. The single-line diagram of the
modelled network is illustrated in Figure 7.2.

Figure 7.2. The single-line diagram of the modelled network.
The modelled network includes 12 MV load buses and 16 low voltage (LV) nodes at all phases of each
MV bus, hence each MV bus totally supplies 48 commercial and residential consumers. Besides these
loads, the VPP is also considered to be located at Bus 12. This location is chosen based on the voltage
sensitivity index introduced in [138], where the change of active and reactive power at this bus has the
highest impact on the voltage magnitude at the other load buses.
Further, the load modelling technique described in [21], is implemented to duplicate the load profile of
the commercial area in the VPP and the other buses in the power network. Further, the produced energy
of the PV system at different times is modelled based on the method discussed in [139], while the
maximum solar irradiance level is derived based on the statistical information for the Sydney region in
Australia. The rating of the distribution transformer, in addition to the rating of the PV system, the
capacity and the maximum charging/discharging rate of the battery ESS in the VPP, are given in Table
7.1.
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Table 7.1. The Ratings of the Distribution Transformer and the VPP
Distribution transformer
Rated capacity
5000 kVA
Voltage
115/4.16 kV
R
1%
X
8%

VPP
PV output
ESS capacity
ESS maximum charge/discharge

114 kW
84.50 kWh
52.80 kW

The electric models of the linear and nonlinear loads at the fundamental frequency are developed as
constant power loads. At harmonic frequencies, linear loads are modelled as impedance loads and
harmonic-producing loads are modelled as constant current sources [140]. Also, the models for the PV
and the ESS systems are developed following the studies adopted in [141].

7.5.2 Modelling the Electric Load of the Parking Lot
In chapter 7, a model that can replicate the AC charging of EVs in a parking lot is developed using the
load analysis of the EV commercial charging equipment and also the available statistical data regarding
the EVs’ arrival/departure patterns in a real parking lot. Given that the charging current of an EV is
controlled during the constant current (CC) mode of the AC charging, which occurs during the major part
of the AC charging period, the same electric model that is used for the harmonic-producing loads, can be
extracted for the EVs [52], [53]. To this aim, experimental studies, that include the deriving of the
harmonic and inter-harmonic charging currents, are carried out for an EV. The specifications of the EV
adopted for the field studies are shown in Table 7.2. In the case studies, it is considered that 9 electric
vehicle supply equipment (EVSE) of the ChargePoint CT4000 type, located in the parking lot, provide the
simultaneous charging of 18 EVs with level 2 AC charging. Figure 7.3 illustrates the charging of the EVs
with such a commercial infrastructure.
Table 7.2. The Specifications of the EV in the Case Studies
Model
BMW i3
Rated Battery Capacity
94 Ah
Rated power of EV charger
kW
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Figure 7.3. The commercial charging equipment adopted for the case studies.
To better illustrate the load behavior of an EV, the distorted currents that are drawn by the EV charger,
in the reduced level 2 mode, are shown in Figure 7.4.

Figure 7.4. The harmonic currents that are drawn by the EV charger in the reduced level 2 mode.
In Figure 7.4, the ninth, fifth and third harmonic orders have the highest amplitudes, whilst the total
harmonic current distortion factor (THDI) is 2.94%. Likewise, the harmonic currents for the other
charging power levels are extracted through the experiments. For the energy demand of the parking lot,
the arrival of the EVs can be modelled using a Poisson distribution, and the required charging demand of
each EV can be modelled according to the historic data for the driven distance of the EVs [16], [21], [52],
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[53], [139], [140]. Figure 7.5 shows an example of the distorted current at the point of common coupling
(PCC) for the parking lot that is achieved by the aforementioned approach for modelling the EVs’
charging load.

Figure 7.5. The load current at the PCC of the parking lot.

7.6 Results and Discussions
To study the impacts of the proposed scheme for the VPP, and also to verify the effectiveness of the
CEM method, power flow studies are carried out for the test power network for the following case
studies: (i) the case that there is no PV system neither ESS in the VPP and all of the loads and EVs are
supplied without adopting any energy management methods, and (ii) the case that the CEM based method
is adopted for the planning of energy consumption/production of the VPP. In the scenario with the CEM
method, it is also assumed that the VPP controller will receive the necessary information regarding the
charging characteristics of the EVs from the EV owners. Moreover, the VPP controller has the forecast
of the PV output power, the charging demand of the EVs and the energy demand of the commercial area.
For this objective, the forecasted data are obtained in such a way that the mean absolute percentage error
(MAPE) and the root mean squared error (RMSE) of these data are compatible with the available
forecasting techniques [57].
The optimization time horizon is five hours for the RHT, hence the CEM method assigns the optimized
energy scheduling for the next five hours, however only the energy schedule for the operational time-step
(𝓀=1) are acceptable. The required SoC of all the EVs is considered to be 90%, also the minimum and
maximum allowable and the initial SoC levels of the ESS are assigned to be 10%, 95% and 50%,
respectively. To guarantee that the rms values of the voltages would remain within the accepted margins
according to the relevant standards, Vmin and Vmax are assigned to be 0.95 pu and 1.05 pu, for the second
hierarchy of the CEM method, respectively. The electric models of the loads and the parking lot for each
time-step are based on the 10-minute measurements. To solve the problem in (7.1), the solver for the
linear programming in MATLAB software is adopted. The optimization problem in (7.18) for the second
hierarchy is nonlinear and hence, the genetic algorithm technique is adopted. Whilst, other heuristic or the
gradient-based techniques could be also implemented.
The costs of the electricity are presented for both case studies in Table 7.3, whilst the electricity prices
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are based on the real energy markets in Australia. To better compare the net cost to the VPP controller,
the degradation cost of the battery ESS is also considered for the second scenario. Moreover, the levelized
cost of energy (LCOE) (the cost of producing the PV energy per kWh) is considered for the 24-hour
horizon and it is presented in Table 7.3 [142].
Table 7.3. The Cost of Electricity for the Case Studies
Without the CEM method
With the CEM method
Total cost for
Total
cost
for
the
VPP
$241.18
$1220.80
the VPP
LCOE
$102.57
Table 7.3 shows that even considering the LCOE of the PV system and the degradation cost of the
battery ESS, the net cost to the VPP controller is $343.75 that is much less for the second scenario. This
validates the effectiveness of the CEM method for minimizing the cost to the VPP controller.
Figure 7.6 shows the minimum rms values of the bus voltages and Figure 7.7 shows the total harmonic
distortion factor for the voltage (THDV) at Bus 12 for both case studies.

Figure 7.6. The rms values of the bus voltages for the case studies.

Figure 7.7. The value of THDV for Bus 12.
As shown in Figure 7.6, for the scenario where the CEM method is utilized for the VPP, the rms values
of voltages at all buses are in compliance with the assigned limits, therefore the adoption of the CEM
method results in the mitigation of the under-voltages in the distribution power network. In the case of the
voltage distortions, the application of the CEM method for the VPP, would not affect the total distortion
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at Bus 12. This shows that the nonlinear loads, e.g. TV, laptop, etc. are the predominant sources of the
distorted current at Bus 12.
In Figure 7.8, the profile for the active power flow at the VPP bus is shown for both case studies. Also,
the SoC of the ESS and the real and forecasted output power of the PV system are illustrated in Figure
7.9.

Figure 7.8. The profile for the active power flow at the VPP bus.

Figure 7.9. The SoC of the ESS and the real and forecasted output power of the PV system.
Figure 7.8 shows that the profile of the active power flow is managed for the case study where the
CEM based is applied for scheduling the energy management. Furthermore, for this case study, given the
integration of the PV system, the VPP controller can offer the excessive energy in the electricity market,
during the hours with high solar irradiation, see Figure 7.8. In Figure 7.9, the predetermined limits for the
SoC are not violated during the 24-hour horizon, also the SoC values at the end of the 24 horizons are the
same as the initial SoC of the ESS battery. Also, according to the results of the case studies, all of the EVs
in the parking lot are fully charged before the departure time as specified by the EV owners. Also, all of
the constraints for the CEM beside the electric constraint for the distribution power network are fulfilled,
and the electricity cost is decreased significantly for the VPP controller for the scenario that the CEM
method is applied.

7.7 Summary
Chapter 7 has investigated the electrical and economic feasibility of a virtual power plant (VPP)
comprising commercial loads, EV parking lots, solar PV units and energy storage systems. A consecutive
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energy management (CEM)-based algorithm has been presented that assigns the economic planning of
energy consumption/production for the VPP and also addresses the electric requirements of the power
system, independently. An acquisitive model has been developed for the VPP and the EV charging in the
parking lot and both electric and monetary indices are derived and analyzed for the test system.
According to the results, the CEM can effectively satisfy the determined objectives under the
uncertainties. Moreover, by the adoption of the proposed CEM method for the VPP in the distribution
power systems, the energy cost to the VPP controller has been minimized, while all the electric
constraints are met and the voltage quality is improved.
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Chapter 8: IoT Remote Control of Plug-in Electric
Vehicle Charging Loads for Smart Energy Management
of Virtual Power Plants
8.1 Foreword
The grid integration of plug-in electric vehicles (PEVs) requires a comprehensive analysis and effective
control strategies to prevent any violation of the electrical constraints of the power systems. When
renewable energy sources (RESs) are available, they can be used to supply the energy demand of the
PEVs. In this study, a photovoltaic (PV) power plant and IoT based remote control of PEV charging are
integrated as a virtual power plant (VPP). More specifically, chapter 8 proposes the use of LoRaWAN to
remotely monitor and control the PEV charging loads. Moreover, a hierarchical two-stage VPP control
(VPPC) system based on the model predictive control (MPC) method is proposed for the optimal energy
management (EM) of the VPP. The EM of the VPP is scheduled in stage 1 and based on the optimal
values for the EM and the intermittency of PV generation, the charging rate of the PEVs is modified in
stage 2. The simulation results of the case studies show that the proposed VPPC can minimize the energy
costs to the VPP and satisfy the energy balancing for the VPP entities while fulfilling the charging
demand of the PEVs under system uncertainties.

8.2 Nomenclature
𝓀, |𝓀|, 𝕂

The index, length and set for the time steps of stage 1.

𝓉, |𝓉|, 𝕋

The index, length and set for the time steps of stage 2.

𝓋,𝒱

The index, set for the PEVs.

𝒰𝓀𝑡𝑜𝑡

The total energy transfer of the VPP.

𝜁𝓀2,1,0

Cost parameters for the purchased energy of the VPP in the electricity market.

𝑡𝑜𝑡
𝓅𝓀,𝛶

The total power transfer for phase 𝛶 at time step 𝓀 for the low voltage (LV) feeder
supplied by the VPP`.

𝑎𝑣𝑔

𝓅𝓀

The mean value of the power transfer at different phases of the LV feeder.

𝒷𝓋,𝓀 , 𝓅𝓋𝑚𝑎𝑥 , 𝑘𝓋

The specified charging rate of PEV 𝓋 at time step 𝓀, nominal power for the charger of
PEV 𝓋, and willingness factor for PEV 𝓋 to participate in the charging management.

𝒰𝓋𝑛𝑜𝑚 , 𝑠𝑜𝑐𝓋𝑖𝑛𝑖

The nominal battery capacity, and the initial state of charge (SOC) for PEV 𝓋.

𝑏𝑢𝑦,𝑠𝑒𝑙𝑙
𝑑𝑒𝑚
𝓅𝓀
, 𝓅𝓋,𝓀

The purchased, sold power in the electricity market by the VPP scrutineer and the
power demand of the VPP at time step 𝓀.

𝑝𝑣

𝑝𝑣

𝑝𝑣

𝒰′𝓀 , 𝓅𝓀 , 𝓅𝓉

The estimated generated energy by the PV system, estimated
PV generated power for time step 𝓀, and PV generated power at time step 𝓉.

𝒷𝓋,𝓉

The charging rate of PEV 𝓋 at time step 𝓉.

8.3 Background
Due to environmental concern and fossil fuel depletion, usage of plug-in electric vehicles (PEVs)
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instead of conventional transit fleets has been growing in many countries [21]. PEVs are highly efficient,
economically superior with many environmental advantages [21]. Hence, many countries have mandated
their use, either through incentives or legislation instead of fossil fuel vehicles in the coming decades.
However, the high-power level required for the charging of PEVs can worsen the power quality and cause
the overloading of power equipment [116]. Further, renewable energy sources (RESs), such as solar
photovoltaic systems, has grown in recent years. It would be beneficial if a portion of the generated
energy by the RESs can be used for the PEV charging [116]. Independent and distributed energy
resources (DERs) and outlying smart loads in an area, including the intelligent charging and discharging
of PEV, can be clustered and controlled by a central entity as a virtual power plant (VPP) [143], [144].
The objectives of such VPPs include improving the power quality and load shifting, addressing the
stochastic nature of RESs and maximizing the financial benefits for the entities in the VPPs. A bi-level
method for the real-time economic operation of a VPP comprising DERs has been proposed in [145],
which is based on the price incentive mechanism and the optimal control of DERs. Further, a strategy has
been proposed for the participation of the VPPs with many deferrable loads (DLs) in the wholesale
electricity and reserve markets [146]. Moreover, a stochastic framework for the energy management (EM)
of the VPPs has been reported in [147], to minimize the operation cost of the VPPs and to maintain the
power quality of the power grids. In [147], a two-stage stochastic method has been used to alleviate the
uncertainties of the correlated demand response, the electricity prices and the RESs generation.
Generally, unlike some other non-responsive loads, nearly all PEVs can operate as controllable loads
(CLs), so that the PEV charging rate can be controlled to maximize the monetary profits of the VPP and
to support the power networks. For instance, the charging rate of the PEVs can be managed by applying
suitable measures to maximize the utilization of RES produced energy and mitigate the volatility of
energy production of RESs. Moreover, the PEV charging can be shifted to non-peak times with lower
electricity tariffs to minimize the peak demand and the energy cost. In [148], a management algorithm has
been presented for PEV charging through a cluster-based VPP. Reference [148] has proposed that a
cluster of multiple PEVs can be operated as a VPP if the charging of the PEVs can be controlled directly
or by using a price-based control system. A price-based control strategy for the VPP to manage the
impacts of the PEV charging on the power systems has been also presented in [148]. A consecutive
energy management (CEM)-based algorithm has been proposed in [54], for a VPP comprising a PEV
parking lot and solar PV units to facilitate the operation of the VPPs in electricity grids and to minimize
the operation costs of the VPP controller. The main objective of the reported approaches is to avoid the
disruptive impacts of simultaneous charging of many PEVs and to support the energy system in terms of
reducing costs and reliability. However, the adoption of these functionalities for the PEVs in a VPP
necessitates the application of advanced bidirectional communication systems to deliver the control
commands between different entities, and a suitable measure to modify the charging or discharging rate
of the PEVs. Effectual paradigms also need to be designed for the EM of the VPP. In this context, with
the introduction of new technologies that facilitate the communication between the entities, such as the
short-range, long-range cellular and low-power wide-area network (LPWAN), plus smart metering
systems, the DERs, prosumers and different loads can be connected using the internet of things (IoT)
technology for the operation of the VPP [150]. The authors in [151] have presented a comparative study
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of the state-of-the-art communication techniques for VPPs and the basic requirements for their use in the
VPPs. Reference [151] has also proposed to extend the IEC 61850 standard to include the communication
between the VPP controller and the distributed energy resources. Moreover, the development of the IoT
for use in PEVs has been discussed in [152], [153]. Nevertheless, there is a need for further investigation
to ensure the secure, economical and feasible implementation of the IoT for the PEV charging to operate
as the CLs.
In chapter 8, the integration of the charging PEVs in remote premises and PV power plants in a
workplace district in the form of a VPP is discussed. Chapter 8 proposes the use of IoT through a
LoRaWAN implementation to both monitor and manage the smart control of the VPP, which enables a
prompt exchange of information among the VPP’s remote entities. For the optimal operation of the EM of
the VPP, chapter 8 proposes a hierarchical two-stage VPP control (VPPC) system. The proposed twostage VPPC system comprises (i) a forecast-based stage for the participation of the VPP in the wholesale
electricity market and (ii) the real-time management stage of supplying the energy demand of the enduser/consumers and the PEVs while alleviating the impact of the intermittency of the PV power plant.

8.4 Implementation of Smart Charging
8.4.1 Configuration of the VPP Using IoT
In Figure 8.1, the schematic diagram of the proposed configuration for the VPP of a workplace district
is depicted, where the VPP comprises PEV parking lots in buildings equipped with electric vehicles
supply equipment (EVSE), in remote premises and a solar photovoltaic (PV) power station.

Figure 8.1. The schematic diagram for the configuration of the proposed VPP.
The monitoring and control of power transfer between entities are carried out by a so-called VPP
scrutineer, whilst the premises are located at remote locations from the VPP scrutineer and the VPP is
connected to the AC grid at the medium voltage (MV) level. Amongst the different electricity consumers
in the VPP, the smart charging and discharging of the PEVs can provide flexibility and cooperation for
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the EM of the VPP. Considering the Australian example, it can be assumed that most cars are parked and
not in operation for about 95% of the time [19], [154]. Hence, it can be expected that when the PEVs are
parked and connected to the EVSEs, they can be intelligently controlled to shift the peak loads and to
alleviate the intermittent nature of the PV generation.
To both, monitor and manage the power flow among the different entities and to implement the smart
control of the VPP, all of the entities are integrated using the IoT devices, where LPWAN is proposed for
the exchange of information between the VPP scrutineer, the suppliers and the end-users. LPWAN is a
cost-effective wireless network that can address the long-range communication need among high numbers
of remote devices, particularly for cases, where only the exchange of sporadic low bit rate data is required
[155]. [155] has recently reported the implementation and commissioning of a live IoT-based waste-water
management system where LoRaWAN is chosen due to its low power consumption that can decrease the
battery and maintenance costs, its suitable range of up to 10 miles, its encrypted LoRa devices and its
improved security [155]. Figure 8.2 shows the proposed structure for the LoRa-based IoT applied for the
data exchange between the VPP scrutineer and the remote premises.

Figure 8.2. The proposed structure for the LoRa-based IoT.

8.4.2 PEV Charging Rate Control
To achieve smart control of the PEV charging/discharging rate, a practicable methodology is essential.
Despite the substantial merits that can be provided by the managed charging and discharging of the stored
energy in the PEV batteries, this control strategy requires the utilization of bidirectional chargers that are
not extensively available and the continuous control of charging and discharging of the PEVs may also
degrade the lifespan of the PEV batteries. Hence, in this study, only the controllable charging of the PEVs
is considered. Also, given the widespread application of the IEC 62851 standard for conductive charging,
the methodology previously introduced in [52], [53] to control the rate of charging of the PEV will be
adopted. The rate of charging of the PEVs can be controlled by modifying the duty cycle of the pulse
width modulation (PWM) signal applied to a control pilot (CP) wire in the conductive charging circuit
defined in the SAE J1772 and IEC 61851 standards. The duty cycle corresponds to the charging rate of
the PEVs. The LoRaWAN transceiver and the intermediate control unit can replace the local control
proposed in [53] and can be integrated as a smart controller, as illustrated in Figure 8.3. Such a smart
controller can provide the coordinated charging of PEVs located at dispersed and remote areas using the
IoT. The implementation of the smart controller in Figure 8.3 is feasible and economical given that: (i)
LoRaWAN is an economic network that provides the low power communication for the smart controllers
at remote points, (ii) the smart controller can be applied for all PEVs that are compatible with the IEC
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61851 standard for conductive charging and (iii) the smart controller can be embedded between the
electricity supply point and the PEV without the need for modifying the PEV chargers and thereby the
PEVs can be utilized as CLs.

Figure 8.3. The proposed smart controller to be developed for the coordinated charging of the PEVs.

8.5 VPP Control Algorithm
The proposed control strategy includes two hierarchical stages designed based on the nonlinear model
predictive control (MPC) method, where stage 1 is the forecast-based stage for the EM of the VPP and
stage 2 is the real-time management stage of the system based on the scheduled EM determined in stage
1. It is assumed that the VPP scrutineer can have the estimation of PV produced energy for the control
horizon of stage 1 and the power generation of the PV for the control horizon of stage 2 based on the
statistical data.

8.5.1 Stage 1
The three objectives of stage 1 are (𝒻1, 𝒻2 and 𝒻3), where 𝒻1 is for the provision of adequate energy
with the minimum cost that is in compliance with the monetary perspective of the VVP scrutineer, 𝒻2 is
for the minimization of the unbalance of the three-phase power that is in compliance with the grid
operator’s perspective, and 𝒻3 is the utility function that is in compliance with the PEV owners’
perspective. These objectives can be presented as follows:
𝒻1 = ∑ 𝜁𝓀2 ∙ (𝒰𝓀𝑡𝑜𝑡 )2 + 𝜁𝓀1 ∙ (𝒰𝓀𝑡𝑜𝑡 ) + 𝜁𝓀0 ,

(8.1)

𝓀∈𝕂

𝒻2 = ∑

𝑎𝑣𝑔

𝑡𝑜𝑡
∑ (𝓅𝓀,𝛶
− 𝓅𝓀 )2

𝓀∈𝕂 𝛶∈{𝑎,𝑏,𝑐}

{

𝑎𝑣𝑔
𝓅𝓀

1
=( ) ∑
3

(8.2)
𝑡𝑜𝑡
𝓅𝓀,𝛶
, ∀𝓀 ∈ 𝐾

𝛶∈{𝑎,𝑏,𝑐}

𝒻3 = − ∑ ∑(
𝓀∈𝕂 𝓋∈𝒱

𝑘𝓋
) ∙ (𝒷𝓋𝑚𝑎𝑥 − 𝒷𝓋,𝓀 )2
2

𝕂 = [𝓀 , 𝓀 + 1 , 𝓀 + 2 , … , 𝓀 + 9]

(8.3)
(8.4)

Subject to:
𝑝𝑣
𝑑𝑒𝑚 | |
𝒰𝓀𝑡𝑜𝑡 = ∑(𝒷𝓋,𝓀 ∙ |𝓀|) + ∑(𝓅𝓋,𝓀
∙ 𝓀 ) − 𝒰′𝓀 , ∀𝓀 ∈ 𝕂
𝓋∈𝒱

(8.5)

𝓋∈𝒱
𝑏𝑢𝑦

𝒰𝓀𝑡𝑜𝑡 + 𝓅𝓀𝑠𝑒𝑙𝑙 ∙ |𝓀 | − 𝓅𝓀
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∙ |𝓀 | = 0, ∀𝓀 ∈ 𝕂

(8.6)

𝑠𝑒𝑙𝑙/𝑏𝑢𝑦

𝑛𝑜𝑚
≤ 𝓅𝑡𝑟𝑎
, ∀𝓋 ∈ 𝒱 , ∀𝓀 ∈ 𝕂

𝓅𝓀

∑𝓀∈𝕂 𝒷𝓋,𝓀 ∙ |𝓀| = 𝒰𝓋𝑛𝑜𝑚 ∙ (1 − 𝑠𝑜𝑐𝓋𝑖𝑛𝑖 ), ∀𝓋 ∈ 𝒱

(8.7)
(8.8)

0 ≤ 𝒷𝓋,𝓀 ≤ 𝒷𝓋𝑚𝑎𝑥 , ∀𝓋 ∈ 𝒱 , ∀𝓀 ∈ 𝕂

(8.9)

𝒷𝓋𝑚𝑎𝑥 = 𝑏𝓋,𝓀 ∙ 𝓅𝓋𝑚𝑎𝑥 , ∀𝓋 ∈ 𝒱 , ∀𝓀 ∈ 𝕂

(8.10)

The total energy transfer of the VPP, includes the charging demand of the PEVs, the load demand of
the buildings and the generated energy by the PV system as given in (8.5). The constraint in (8.6) is to
create a balance between the purchased and sold energy of the VPP in the wholesale electricity market
and the energy transfer of the VPP, whereas as assigned in (8.7) the total power transfer should not
violate the permissible power of the transformer, through which the low voltage (LV) loads are supplied.
Moreover, the constraints in (8.8) and (8.9) are for the provision of the charging demand of the PEVs, and
to assign the minimum and maximum charging power for the PEVs, respectively. In (8.10), 𝑏𝓋,𝓀 = 0, 1 is
a parameter that its value would be 1 if PEV 𝓋 was connected at time step 𝓀. Where, 𝑏𝓋,𝓀 would be
specified based on the information received from the PEV owners for each time step of stage 1.
The multi-objective function for stage 1 of the VVPC is defined as (8.11).
𝒻 = min(𝓌1 ∙ 𝒻1 + 𝓌2 ∙ 𝒻2 + 𝓌3 ∙ 𝒻3 )
{
𝓌1 + 𝓌2 + 𝓌3 = 1

(8.11)

Based on the MPC method, at the beginning of the time steps for stage 1 of the VPPC, the transceiver
that is deployed in every smart controller sends a packet to the VPP scrutineer, where this packet contains
𝑑𝑒𝑚
the expected load demand (𝓅𝓋,𝓀
) and the expected PEVs’ charging data (𝑏𝓋,𝓀 , 𝑠𝑜𝑐𝓋𝑖𝑛𝑖 ) at different nodes

of the workplace district, for the control horizon (𝕂). The solutions of the problem in (8.11) are the
vectors of purchased/sold energy and the charging rate of the PEVs for the control horizon as written in
(8.12) and (8.13).
𝑠𝑒𝑙𝑙/𝑏𝑢𝑦

𝓅 𝑠𝑒𝑙𝑙,𝑏𝑢𝑦 = [𝓅𝓀

𝑠𝑒𝑙𝑙/𝑏𝑢𝑦

, 𝓅𝓀+1

𝑠𝑒𝑙𝑙/𝑏𝑢𝑦

, … , 𝓅𝓀+9

], ∀𝓀 ∈ 𝐾

𝒷𝓋 = [𝒷𝓋,𝓀 , 𝒷𝓋,𝓀+1 , … , 𝒷𝓋,𝓀+9 ], ∀𝓀 ∈ 𝐾, ∀𝓋 ∈ 𝒱

(8.12)
(8.13)

8.5.2 Stage 2
In this stage, the real-time allocation of the PEVs’ charging rate is based on the first element of the
solution vectors determined in stage 1. The charging rate of the PEVs will be allocated to cope with the
intermittency of the PV generated power considering the assigned EM for the operating time step (time
step 𝓀). For this objective, time step 𝓀 is subdivided into short intervals (𝓉) to capture the volatility of the
system. The objective function given in (8.14) is to achieve the scheduled PEVs’ charging demand for
time step 𝓀 that is assigned in stage 1.
𝓉−1

𝓉+6

ℊ = min ∑[𝒷𝓋,𝓀 ∙ |𝓀| − (∑ 𝒷𝓋,𝑖 ∙ |𝓉|) − (∑ 𝒷𝓋,𝑖 ∙ |𝓉|)]2
𝓋∈𝒱

𝑖=1

(8.14)

𝑖=𝓉

𝕋 = [𝓉 , 𝓉 + 1 , 𝓉 + 2 , … , 𝓉 + 6]

(8.15)

Subject to:
𝑝𝑒𝑣

𝑝𝑒𝑣

𝑠𝑜𝑐𝓋,𝓉 = 𝑠𝑜𝑐𝓋,𝓉−1 + 𝜂 ∙ 𝒷𝓋,𝓉 , ∀𝓉 ∈ 𝕋, ∀𝓋 ∈ 𝒱
𝑝𝑣

𝑑𝑒𝑚
𝓅𝓉𝑡𝑜𝑡 = ∑(𝒷𝓋,𝓉 ) + ∑(𝓅𝓋,𝓀
) − 𝓅𝓉 , ∀𝓉 ∈ 𝕋
𝓋∈𝒱

𝓋∈𝒱
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(8.16)
(8.17)

𝑏𝑢𝑦

𝓅𝓉𝑡𝑜𝑡 + 𝓅𝓀𝑠𝑒𝑙𝑙 − 𝓅𝓀

= 0, ∀𝓉 ∈ 𝕋

(8.18)

Considering the need to meet the constraints in (8.17) and (8.18), the power transfer for all time steps
in stage 2 will be in accordance to the EM that is predetermined in stage 1. Furthermore, the exact amount
of charging energy assigned in stage 1 would be obtained for all PEVs if the estimation of the PV
generated energy was precise.
The objective function presented in (8.14) will be solved at the beginning of every time step for stage
2, whilst the solutions of the optimization problem would be based on the actual PV generated power for
time step 𝓉 and the forecast of the PV generated power for the control horizon of stage 2. Afterwards, the
VPP scrutineer sends only the assigned charging power for the operating time step (𝓉), which is based on
the actual PV power. This mechanism will proceed for the control horizon of stage 2. Subsequently, using
the smart controller implemented as shown in Figure 8.3, the charging rate of the PEVs will be modified.

8.6 Simulation Results and Discussions
A detailed simulation platform is developed in PSCAD for the VPP as illustrated in Figure 8.1. The
VPP comprised the organizational buildings, the PEVs and the EVSEs that are supplied in an LV feeder
[113]. The single-line diagram of the LV feeder is illustrated in Figure 8.4, where a total of 55 buildings
and EVSEs are supplied in the LV feeder.

Figure 8.4. The single-line diagram of the LV feeder in the VPP.
As presented in (8.4) and (8.15), the control horizon for stages 1 and 2 includes 10- and 6-time steps,
respectively. Also, the length of the time steps for the forecast-based and the real-time stages, are 30
minutes and 5 minutes, respectively. From a LoRaWAN perspective, the 5-minute time intervals for the
transmission of packets fit within the data network load bounds. The EM of the VPP is assigned for a 24hour period from 7:00 am. The load demands of the premises for different time steps and the actual and
forecasted values of the PV generation are modelled conforming to the approach discussed in [54]. The
arrival and departure times and the charging demand of the PEVs are obtained based on the method
adopted in [21]. Moreover, the value of 𝑘𝓋 , is 1 for all the PEVs and the cost parameters are determined
based on the Australian electricity market. To study the realistic behavior of the smart controller, the PEV
charger and the PEV batteries, a dynamic model as shown in Figure 8.5 is developed for the PEV
charging, where (8.19) and (8.20), η and Tcharge are the efficiency and the time constant of the PEV
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charger. Tcontrol is the time constant of the smart controller, including the time lags of the data exchange
via LoRa and the intermediate control unit.
𝐺𝑐ℎ𝑎𝑟𝑔𝑒 (𝑠) =

𝜂
1 + 𝑠𝑇𝑐ℎ𝑎𝑟𝑔𝑒

(8.19)

Figure 8.5. The dynamic model used for studying the behavior of the smart controller and the PEVs.

𝐺𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (𝑠) =

1
1 + 𝑠𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙

(8.20)

𝑄𝑟
−𝑡
𝑝
𝑝
𝑉𝑏𝑎𝑡 = 𝑉0 + (( 𝑝 + 𝐼𝑏𝑎𝑡 ∙ 𝜍𝑅 ) ∙ exp (− 𝑝 𝑝 )) − 𝐼𝑏𝑎𝑡 ∙ (𝜍𝑅𝑠 + 𝜍𝑅 ))
𝜍𝐶
𝜍𝑅 ∙ 𝜍𝐶

(8.21)

In (8.21), 𝑡, 𝑄𝑟 , 𝐼𝑏𝑎𝑡 and 𝑉𝑏𝑎𝑡 are the charge time, the nominal battery capacity in Ah, the battery
𝑝

current and the battery voltage for the electric circuit-based battery model, respectively. Also, 𝑉0 , 𝜍𝑅𝑠 , 𝜍𝑅
𝑝

and 𝜍𝐶 , are the open-circuit voltage, the series resistance, the parallel resistance and capacitance,
respectively, and their values can be represented as a function of the state of charge (SOC) of the battery
cell. The state matrix for the dynamic model of the smart controller and the PEV charger can be presented
as (8.22):
−
𝐴=
[

1

0

𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙
0

−

(8.22)

1
𝑇𝑐ℎ𝑎𝑟𝑔𝑒 ]

The specification of the PEVs is considered based on two PEV types compatible with the IEC 61851
standard, where 30 PEVs are BMW i3 PEVs and the others are Nissan LEAF PEVs. The values adopted
for modelling the PEV charging are presented in Table 8.1. Also, the parameters of the PEV battery cell
based on the SOC, are extracted from [156].
Table 8.1. The Values for Modelling the PEV charging
PEV type
PEV type
𝒷𝓋𝑚𝑎𝑥
Battery capacity
η, Tcharge, Tcontrol

BMW i3
7.4 kW
94 Ah

Nissan LEAF
3.6 kW
60 Ah
90 %, 6 ms, 7 s

The maximum generated power of the PV power station is 240 kW. Two scenarios are assessed, case a
that is the case without applying the proposed VPPC for the VPP and case b, in which both stages of the
VPPC are adopted to coordinate the PEV charging. The total cost to the VPP scrutineer taking into
account the cost of energy to fully charge the PEVs and to supply different electrical appliances in the
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buildings and also the revenue that the VPP scrutineer can obtain by selling the excessive energy of the
PV power station are $302.580 and $115.545, for cases a and b, respectively.
In case a, the PEV owners arrive at their workplace in the morning and upon their arrival, they
replenish the PEVs through the EVSEs. As shown in Figure 8.6, in case a for the uncontrolled charging,
the arriving of the PEVs in the early morning results in notable peak demand. Unlike case a, in case b, the
PEV charging is shifted to the times with high PV generation. This is in accordance to the objective
function in (8.1), where the lower cost of energy can be obtained for the VPP scrutineer by the shifting of
the PEV charging to the times with high PV generation. Also, in Figure 8.6, a more balanced power
profile is achieved as specified in the objective function in (8.2), for case b.

(a)

(b)

(c)
Figure 8.6. The active power consumed by the workplace area in the VPP for (a) phase a, (b) phase (b),
phase (c).
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In Figure 8.7 and Figure 8.8, the voltage profiles at the supply point of the PEVs and the voltage
unbalance at the three-phase connection points of the LV feeder that supply the premises are shown. In
this regard, according to the EN 50160 standard, the permissible upper and lower bounds for the
deviations of voltages and the maximum permissible value for the voltage unbalance factor (VUF), are
0.90 pu, 1.10 pu and 2 % respectively for distribution systems. As such, these values should not be
violated for 95 % of the observation time for the LV feeder.

(a)

(b)
Figure 8.7. The voltage profile at the supply points of the premises for, (a) case a, case b.

(a)

(b)
Figure 8.8. The voltage unbalance at the three-phase connection points of the LV feeder for, (a) case a,
case b.
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In Figure 8.7(a), for case a, with the peak demand induced by the unmanaged PEV charging, the
voltages at the buses of the premises and the EVSEs drop significantly. In this case, the voltage of the
critical bus, bus 52, which is the bus with the most severe voltage drop, drops to 0.898 pu, which is lower
than the permissible bound specified in EN 50160. However, in case b, because of the load shifting of the
PEV charging, a more flattened active power profile can be obtained for all nodes in the LV feeder, hence
the voltage drops are alleviated significantly. For case b, the minimum value of the voltage for the critical
bus is 0.921 pu, which is within the limits and also confirms that the proposed VPPC can improve the
voltage profile. The maximum value of the over-voltages for the critical bus is 1.043 pu for both cases;
this shows that the excessive PV generated power will not induce a notable over-voltage in the LV feeder.
The unbalance of the three-phase buses in the LV feeder is also intense for case a, as shown in Figure
8.8(a). Nevertheless, the VUF is improved after adopting the proposed VPPC and the provision of the
objective function in (8.2), see Figure 8.8(b). In case a, the highest value for the VUF is 1.941 %, whilst
the same value for case b is 1.837 %, although the VUF values are lower than the allowable limits for
both cases. It is to be noted that despite the dynamic model used for modelling the PEV charging, the
operation of the smart controller is fast enough to capture the volatility of the PV generation. As a result,
it can be concluded that the proposed VPPC not only results in the lower cost for the VPP, but it also
improves the voltage quality of the LV feeder in the VPP.

8.7 Summary
In chapter 8, IoT based remote control of PEV charging loads was proposed to manage a virtual power
plant (VPP), where the photovoltaic (PV) power stations are integrated into LV feeder that serves remote
premises in a workplace district. The proposed VPP control (VVPC) is a hierarchical two-stage
methodology based on the model predictive control (MPC) method, where the first stage is forecast-based
and the second stage is for the real-time schedule of the VPP. The energy management (EM) of the VPP
is scheduled in stage 1 and based on the optimal values for the EM and the intermittency of PV
generation, the charging rate of the PEVs is modified in stage 2. Furthermore, a smart controller using
LoRaWAN was proposed to enable the controlled charging of the PEVs. The smart controller can be
embedded between the electricity supply point and the PEV without the need for modifying the PEV
chargers and thereby the PEVs can be utilized as controllable loads (CLs). A detailed simulation platform
has been developed to investigate the management of the VPP. According to the results from the case
studies, the proposed VPPC can be adopted for the VPP to minimize the cost of the energy to the VPP.
Moreover, the operational limits of the LV feeder have been assessed and the results show that the
proposed VPPC can be effectively used for the EM of the VPP also for intelligently controlling the PEV
charging. Furthermore, it can result in alleviating the voltage drops at the supply points of the buildings
and the unbalance at the three-phase buses in the LV feeder. For future work, the development of the
LoRaWAN hardware with the smart controller is underway and will provide real-world data for further
exploration.
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Chapter 9: A Cooperative Energy Management in a
Virtual Energy Hub of an Electric Transportation System
Powered by Photovoltaic Generation and Energy Storage
9.1 Foreword
Electric transport systems and renewable energy sources (RESs) have recently attracted significant
interest, because of the limitations and drawbacks of fossil fuels and the growing demand for utilization
of clean energy. Suitable paradigms are needed to manage the atypical and heterogeneous load of electric
vehicles (EVs), the intermittent nature of RESs, and the changeability of electrical loads in power
networks. The technical and commercial operation of an integrated system comprising an electric
transportation system with a battery-powered bus (eBus) charging station and an EV parking lot,
integrated with solar photovoltaic (PV) generation and combined with a battery storage system (BSS), as
a virtual energy hub (VEH) is proposed. Moreover, a cooperative decision making (CDM) strategy is
proposed for the VEH, where the active and reactive power flows and the economic operation of the VEH
are scheduled using a novel three-stage cooperative control system. A supervisory control system is
developed using agents to realize the scheduled CDM of the VEH and to assign the control parameters for
the provision of ancillary services. The VEH agent can operate autonomously during the real-time
operation to cope with the volatility of the power system based on the optimal predetermined set-points
from the grid agent. The effectiveness of the CDM methodology is studied and evaluated through
different realistic scenarios. The results show that the proposed CDM can organize effective energy
management (EM) with a minimum operational cost to the VEH. Furthermore, because of the designed
supervisory control and the provision of ancillary services using the VEH, the grid requirements can be
effectively managed.

9.2 Nomenclature
A. Indices and Sets

 
 
v v
  ,t 

t

The index/Set for the VEH.
The index/Set for bus  .
The index/Set for EVs in the parking lot.
The index/Set for time-steps, index/Set for time.

B. Parameters

G−n + jB−n
pv
E

The admittance of line  − n .
The generated energy of PV at time step  .

svrat , sinv


The nominal rating for the power line and the inverter of the VEH.

rat
s rat
 , s tra
bss
c/d

The nominal rating for power line  and the power transformer.

 t

bss bss
clce
, clab

v

The efficiency of charging/discharging for the BSS.
The duration of time step  for Sequence 2, length of the time intervals for the realtime operation.
The levelized and labour cost for the implementation of the BSS.
The parameter to assign the approval of the EV ownerships to provide ancillary
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dv
max
/ v
v

service.
The duration of connection for EV v .
The maximum charging power/Efficiency of charging for EV v .

bss
cycnom

The nominal cycle of the BSS.

q/l/0
/ acl


Quadratic, linear, and constant electricity cost parameters/Cost parameter for
ancillary service, in terms of active power.
The nominal energy of the BSS/EVs.

bss/ev
E nom

soemax/min

Maximum/Minimum allowed values for the BSS’s SoE.

ev
socmax/min

Maximum/Minimum allowed values of SoC for the EVs.

C. Variables

soe / t / dodt

Ebss, ,

E pur
,

pbss,+/-

The state of energy (SoE) of the BSS/the depth of discharge (DoD) of the BSS.
The variation of the BSS energy/Purchased energy for the operation of the VEH at
time step  .
The charging/Discharging power of the BSS.

max/min
Vapc
/ rpc ,

Upper/lower limits for providing ancillary service for active/reactive power.

pacl
max/min

Upper/lower limits of available active power for ancillary service.

qacl
max/ min

Upper/lower limits of available reactive power for ancillary service.

cyc
f dod
(dod )

The variable to represent the cycle of the BSS as a function of the DoD.

socv
V ,t

SoC for EV v .
The cost to be paid to the ownerships of the EVs for the provision of ancillary
services.
The voltage at the point of connection for the VEH.

ev, + / −

The charging/discharging power of EV v .

v

The binary variable to avoid charging and discharging at the same time for EV v .
The SoC for EV v during the real-time operation.

cst
f soc
( socv )

v

socvev,t
bus
prk
E 
, E 

The energy demands of the eBuses and the EV parking lot at time step  .

9.3 Background
Considering the drawbacks of conventional transport fleets, the use of passenger electric vehicles
(EVs) has attracted increased interest in many countries [1]. In particular, battery-powered electric buses
(eBus) can provide reliable performance when used in the public fleet, considering their high efficiency,
economic advantages, adequate speed, and zero-emission into consideration. Besides the increasing
interest in EVs, the use of renewable energy sources (RESs) is also growing rapidly, because of the
limitations of fossil fuels and the rapidly growing demand in the energy markets. The improved efficiency
and the continuous reduction of manufacturing cost, both in EVs and RESs, further motivate the use of
EVs in future transport systems and the installation of RES, e.g. solar photovoltaic (PV) systems, to
supply the increasing electrical energy demand.
The authors in [157] have proposed an energy-management (EM) system for the solar PVs, the EV
charging stations, and the energy storage system (ESSs), which uses deterministic and rule-based
approaches based on real-time information to obtain a cost reduction. A framework has been proposed in
[136] for an aggregated EV charging stations coupled with ESSs to optimize the offer/bid strategies in
electricity markets. The varying charging profile of the EVs and volatility of electricity prices are also
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modelled in [136]. Moreover, a strategy for charging a fleet of EVs supplied by the PV using a mixedinteger linear programming (MILP) method has been proposed in [14]. The MILP in [14], is developed
according to the receding-horizon model predictive energy management strategy, and the cost reduction
has been verified through simulations.
The authors in [137], have proposed a two-level control system for the day-ahead planning and the
real-time operation for the EM of office buildings with workplace EV charging and renewable energy. As
shown in [137], the power of the EV batteries and a stand-alone battery system can be managed to
minimize the operation cost, also to confine the mismatch between the scheduled energy for two levels.
Likewise, a two-level framework has been presented for an EV parking deck with rooftop solar PVs in
[91]. The first level is to determine the marginal electricity prices and the second level is to address the
stochastic power demand of the EV parking deck. In Chapter 4, a charging control system using a
hierarchical decision-making (HDM) approach, which includes a primitive EM strategy and an adaptive
control for the real-time operation, has been proposed for the economic EV charging, while improving the
power quality in the power grids. A four-stage intelligent optimization for an EV charging station with a
commercial building integrated with PV generation and battery energy storage has been proposed in
[24]. The aim of the four-stage optimization and control algorithm is to reduce the operating cost, where
the satisfaction of the customers and the uncertainties of the system have also been considered in [24]. As
shown in [24], [91], the multi-level optimization can facilitate the EM and bring a more robust
performance to mitigate the intermittency of RESs and the uncertainties of the EV charging load.
Nevertheless, it also increases the complexity of scheduling the EM, specifically, for the case that entities
follow contradictory economic or technical objectives at every level.
Batteries are important parts of both electric transportation and ESSs and due to the additional and
repetitive charging/discharging cycles, the precise and robust estimation of battery cells’ lifespan is
crucial for the design of EM approaches [158], [159]. Machine learning (ML) methods, including support
vector machine (SVM) and relevance vector machine (RVM) techniques, also artificial neural networks
(ANNs) have been recently proposed to estimate the state of charge (SoC) or to predict the remaining
useful life (RUL) and the cycle life of batteries [158], [159]. To estimate the lifespan of lithium-ion
batteries, the concept of knee-point has been modified and the concept of knee-onset has been presented
in [158], moreover, ML techniques has been introduced for early prediction of the knee-point and kneeonset [158]. The fusion of battery modelling, data and artificial intelligence for smart EM systems have
been discussed in [159], where it has been shown that the emerging advances in modelling of battery
degradation can be combined with artificial intelligence to create a battery digital twin [159].
9.3.1 Motivation
Despite the benefits of EVs, the grid integration of charging stations requires a comprehensive analysis
to avoid the violation of electrical constraints of the power systems. The slow charging is still a preferable
and common method to charge electric cars in residential areas or parking lots. In contrast, high-power
fast chargers are viable solutions for recharging large passenger EVs, such as battery-powered electric
buses (eBus). In this context, the eBuses are equipped with high capacity batteries that normally require
fast charging stations operating at high power levels, which can be around 150-600 kW [157]. However,
the distribution power grids may have not been designed for such a heterogeneous high-power load,
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particularly if there are many eBuses in the fleet. On the other hand, suitable paradigms are needed to
confine and manage the intermittent and varying nature of RESs and the changeability of electrical loads
in power networks. To supply the atypical electric load of EVs and to better control the generated energy
of PVs, as well as managing the demand and participating in the electricity markets, the concept of virtual
power plant (VPP) has been presented before [54]. In that case, the EVs with slow charging and the
storage systems available in the VPPs can provide the flexibility for the EM and ancillary services for the
VPPs. This, however, requires a robust control strategy that can cope with the volatilities in the power
systems and can satisfy the monetary and technical requirements of costumers.

9.3.2 Contributions
In this chapter, the concept of a virtual energy hub (VEH) for the integration of an electric
transportation system with an eBus fast-charging station and an EV parking lot combined with solar PV
generation and a battery storage system (BSS), is proposed. The contributions of this chapter can be
summarized as follows;
a)

A novel three-stage cooperative decision making (CDM) with a straightforward approach is

proposed, where the VEH can participate in the power market as a commercial entity, moreover, the
CDM facilitates the control of the power system using the VEH as a technical entity. The information
exchange and the hierarchical operation of the CDM are provided based on the concept of multi-agent
systems (MASs).
b) A supervisory control strategy is developed for the grid agent to realize the scheduled EM of the
VEH and assign the optimal characteristic for the provision of ancillary services. The EM of the VEH is
organized based on the limited information available, while the robustness needed to reciprocate with the
heterogeneous load of eBus charging and EVs, and the intermittency of PVs is attained using the BSS and
vehicle-to-grid (V2G) operation of the EVs.
c) The VEH agent is designed to operate autonomously during the real-time operation and cope with
the volatility of the power system based on the optimal predetermined set-points received from the grid
agent. Specifically, the V2G service by the EVs, and the reactive power compensation (RPC) using the
converter of the VEH, are developed to maintain the grid codes during the real-time application of the
CDM for the VEH.
d) In the proposed system, the atypical power demand of eBus fast charging, the stochastic nature of
EV charging in parking lots, and the satisfaction measures of entities are considered. Moreover, the
uncertainty of the PV generation and the electricity prices, and the feasibility of the operation of the V2G
service and BSS are addressed.
The suitability of the proposed CDM methodology is validated through different realistic scenarios and
the results show that the proposed CDM can effectively organize the EM with minimum operational cost
to the VEH. Further, due to the developed reactive power control provided by the VEH converters and the
ancillary services acquired by the V2G and the BSS, the grid electrical requirements can be effectively
managed.
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9.4 Proposed Cooperative Energy Management
One option for eBus charging stations (BCSs) is the opportunity charge, in which the BCSs are located
at the terminus of the bus line and the replenishment of the eBus batteries is carried out during the daily
trip of the buses [129], where a BSS can be combined with the BCS, as well. In this context, the proposed
VEH includes the facilities for fast eBus charging at a public transport hub, which is coupled with a BSS
and equipped with solar PV panels, and the infrastructures for the gradual AC charge of EV batteries in a
parking lot in the public transport hub. Figure 9.1 presents the schematic for the proposed VEH.

Figure 9.1. The schematic diagram for the application of the proposed VEH.
In Figure 9.1, a common DC bus is considered for the cluster of the BCS, the BSS, the parking lot, and
the PV system. This cluster is supplied through a bidirectional AC/DC converter that can provide reactive
power control. As the technical view, the VEH can be comprehended as a grid-connected DC microgrid
with common DC bus topology. In that case, the charging process of eBus batteries can be managed with
the BSS, meanwhile considering the bidirectional chargers in the EV parking, EV batteries can cooperate
for the EM using the V2G operation. Although the VEH can include a large number of EVs that are
energy storages by nature, the BSS is required because; the utilization of the EVs as energy storage
systems can contradict the convenience of the EV owners, since generally the priority for EV owners is to
sufficiently charge their EVs before their departure time, rather than providing V2G operation to support
the power grids. Moreover, the battery packs of EVs are initially designed for transportation and
significant economic incentives are required to persuade the EV owners to provide the full capacity of the
EV batteries to be used as distributed energy storage systems. Furthermore, to effectively manage the EM
of the VEH, a certain capacity for energy storage is essential and due to the heterogeneous power demand
and the stochastic behavior of EVs, it is not sufficient to merely rely on the capacity of EV batteries for
the EM of the VEH. As an example, without the BSS, during the daytime, the capacity of EV batteries to
store the surplus PV generated energy is highly varying due to the stochastic integration of EVs with
different battery capacities. Meanwhile, during the night, where a substantial capacity of energy storage is
required due to the low electricity prices, normally a low number of EVs are integrated in the VEH. The
integration of the BSSs with electric transportation system and solar PV generation have been well
discussed before and it has been implemented for commercial projects [160].
The proposed CDM-methodology is a hierarchical process for the EM of the VEH and also for the
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provision of ancillary services. The information exchange and the hierarchy for the EM are based on the
concept of MAS [132]. To this aim, agents that directly cooperate through a form of message passing, are
allocated to the VEH, the grid operator, the electricity market, and the EVs. This allows distributing the
decision-making between agents and enhanced robustness. Every agent is a unit that has both the software
and hardware to perceive the changes in its environment, process the acquired information, and
manipulate the corresponding tasks, accordingly. In this work, the utilization of the proposed CDMmethodology is to manage the EM of the VEH and address the grid constraints, e.g. the voltage regulation
and the power lines loading, and to provide ancillary services by the VEH, where the frequency is
controlled by the upstream transmission grid.

9.4.1 Sequence 1
This stage is to obtain the data for the EM and to estimate and bid for the essential electrical power for
the operation of the VEH, in the electricity market. In principle, this necessitates the precise prediction of
the power demand of the VEH. Moreover, the scheduled EM of the VEH should be certified by the grid
agent to not violate the constraints of the power systems, e.g. the voltage constraints or the nominal rating
of power cables. It can be an intricate task due to the heterogeneous eBus power demand, the stochastic
behavior of EVs, and the intermittency of the PV generation. Rather than using the conventional central
or distributed systems, a novel structure is designed to allocate the EM of the VEH.
Particularly, the VEH agent participates in the electricity market, merely based on the energy forecast
of the corresponding VEH for the control horizon. The cost of the electricity is normally approximated by
a quadratic function as written in (9.1) [112]. The scheduling is based on the rolling optimization
technique for a 24-hour horizon that includes 48 time-steps as stated in (9.2). Irrespective of the precise
real-time profile, it is conceivable for the VEH agent to acquire the estimated energy demand of the VEH
as presented in (9.3).
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The required power should not exceed the nominal rating for the incoming line to the VEH as
presented in (9.4). The constraint in (9.5) is to bid the entire VEH’s energy for the rolling horizon through
the electricity market, also as stated in (9.6), the BSS provides the flexibility for the VEH to benefit from
a lower cost by the load shifting during the rolling horizon:
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The following constraints should be also met for the operation of the BSS.
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The solutions of the optimization in (9.1) are the vectors of the scheduled energy of the VEH and the
energy transfer of the BSS.
9.4.2 Sequence 2
This stage is to validate the scheduled power transfer for the VEH and also to provide an off-line
supervisory control for the grid agent for the operation of the VEH. To this aim, the VEH agent only
needs to forward the values of VEH’s scheduled power transfer for the operating time-step ( Epur
, ). The
main objective function in (9.9) is accordingly defined to provide the viability of the scheduled charging
power.
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where, (9.10) and (9.11) are the nonlinear power flow constraints, also, (9.12) is to regulate the voltage
levels within the acceptable limit, (9.13) and (9.14) are to account the nominal rating of every power line
in the distribution feeder, and the rating of the main power transformer that supplies the distribution
feeder, respectively.
In the case of the VEH power flow, the linear constraints in (9.15) and (9.16) are defined to represent
the controllable active and reactive power flow of the VEH by the value of the voltage at the point of
common coupling (PCC) for the VEH.
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It is clear from (9.17) and (9.18) that the active and the reactive power are provided for the ancillary
service, by the EV batteries in the parking lot and the inverter that supplies the VEH, respectively. In that
case, as demonstrated in (9.17), the maximum active power for ancillary service is equal to the power that
corresponds to the energy to fully charge the EVs, which are connected at time step  . Likewise, the EVs
can yield energy for the V2G operation, if a sufficient state of charge (SoC) can be provided for the next
trip of EVs ( socsuf ). In other words, the downward bound for the ancillary service of active power is
based on the SoC of the EVs; (i) when the SoC of an EV is below a sufficient SoC, the required charging
demand of that EV is predefined and the EV will be only charged until socsuf , (ii) when an EV has the
SoC value more that socsuf , in the case of the agreement from the EV owners, it can even be discharged
until socsuf .
max
min
max
pur
The solutions of the optimization in (9.9) are the values of p
, also the values of Vapc
,  , Vapc ,  , Vrpc , 

min
and Vrpc
, as the control parameters for the real-time application of the VEH. As presented in (9.9), this

approach only needs a minimum data transfer between the agents of the grid and the VEH to schedule the
power transfer for the real-time operation of the VEH, meanwhile, an off-line supervisory control can be
achieved for the grid’s agent.
9.4.3 Sequence 3
It is rarely conceivable to have an accurate forecast of the VEH’s power demand for the EM, as a
result, in addition to Sequences 1 and 2, another Sequence with a real-time control needs to be applied to
modify the EM-based on the real-time characteristics of the VEH. This real-time control is based on the
control parameters, determined in Sequence 2.
The objective function for Sequence 3 is expressed as (9.19):
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where, the cost function in (9.20), is to take the degradation cost of the BSS into consideration, based on
the depth of discharge (DoD) of the BSS, where the DoD is the main factor that facilitates the degradation
cyc
of lithium-ion batteries and f dod
is defined in [66]. The cost function in (9.21) is to accelerate the

charging of the EVs in the parking lot, where wv is to allocate the priority to the EVs according to the
duration of connection and the SoC value. Clearly, the EVs cannot be charged and provide V2G,
simultaneously. The cost function in (9.22) is for the payment to the EV agents for providing ancillary
cst
service, and also to penalize the over-discharge of the EVs. The polynomial function in (9.22), f soc
, is

specifically defined to modify the payment to the EVs, based on the remaining SoC of the EV batteries.
Figure 9.2 shows that until the SoC equal to 0.90, the cost of EV to provide the energy per kWh is lower
than the BSS Levelized Cost of Energy (LCE), this cost gradually increases until the SoC equals to 0.70,
hereafter the cost increases with a steep slope. This is based on the consideration that the use of EV’s
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stored energy instead of the BSS energy is only rational for the EVs with high SoC values. Meanwhile,
the EV owners are reluctant to provide the V2G operation when the EV’s SoC is lower than the sufficient
SoC level, where here socsuf is considered to be 0.70 for all the EVs in the parking lot. v is a binary
parameter and its value will be equal to 1, only when the owners of EVs are enthusiastic to use the EV for
the V2G for the operational time-step.

Figure 9.2. The defined cost function for the V2G service that is provided by the EVs in the parking lot.
The cost function in (9.23) is the service cost that is paid to the VEH agent by the grid agent for the
ancillary service in terms of the active power. Moreover, (9.26) and (9.27) are to balance the purchased
energy and VEH energy consumption. During the real-time control of the VEH, the active and reactive
power flows of the VEH are modified as (9.24) and (9.25), while dapc, is specified in Sequence 2 in such
a way that the following equation is always true:
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9.4.4 Control Procedure
The control algorithm and the information exchange for the MAS can be summarized as follows:
Level 1: The VEH receives an INFORM message sent by the electricity market agent (including the
cost parameters) and an INFORM message sent by the EV agents (including the charging demand).
Afterwards, the VEH agent acquires the updated forecast of the energy demand for the control horizon,
then it calculates Esch
 based on (9.1) for the control horizon ( A ) and forward REQUEST and INFORM
messages to the grid agent.
Level 2: The grid agent solves the optimization problem in (9.9) and sends a CONFIRM message and
an INFORM message to the VEH (including the control parameters for the real-time operation of the
VEH).
Level 3: The VEH agent sends a REQUEST message to the market agent to purchase the required
pur
pur
= p
  , the market agent sends the CONFIRM message, accordingly.
energy for time-step  , E

Level 4: The VEH agent sends REQUEST messages to the EV agents to provide the V2G service and
accordingly, the EV agents send ACCEPT/REFUSE message to the VEH agent. The VEH agent assigns

v , based on the received messages from the EV agents.
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Level 5: During the real-time application of the VEH, the VEH agent continuously measures the PCC
voltages and specifies the active power flow for the BSS and the EV batteries and the reactive power flow
for the inverter based on the objective function in (9.19).
The control diagram for the operation of the VEH is presented in Figure 9.3. As given in Figure 9.3,
the rolling optimization technique will provide a feedback mechanism to correct the forecast errors and
also update the data upon every operational time-step. The proposed CDM is a straightforward approach
and it is different from the conventional multi-level optimization, where the application of conventional
multi-level optimization is generally to improve the economic benefits and confining the uncertainties,
However, as presented in Fig. 3, by adopting the CDM, not only the VEH can participate in the power
market as a commercial entity, but the CDM facilitates the control of the power system using the VEH as
a technical entity.

Figure 9.3. The control diagram for the application of the proposed CDM.

9.5 Case-studies, Results and Discussions
Several realistic scenarios are modelled using a simulation platform developed in the MATLAB and
PSCAD software to validate the proposed VEH with the CDM, as shown in Fig. 4. The part of the
simulation platform developed in PSCAD for power flow studies, consists of the sub-models of main
electric components of distribution systems, e.g. the transformers and the cables, also the dynamic models
of the VEH. So that, to understand the impacts of the VEH’s operation on a standard distribution feeder
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with balanced loading, the IEEE 31-bus distribution test system, shown in Fig. 9.5(a), with all the power
lines and electrical equipment are modelled in PSCAD, where the VEH is located downstream of the test
system. The electrical load profile of the low voltage (LV) loads is produced using the bottom-up
modelling technique [17]. In addition to the LV loads, the integration of rooftop PVs is modelled for the
LV customers to evaluate the reverse directional power flow in the test feeder. Rather than using a
detailed circuit model of power electric converters, the dynamic model as shown in Fig. 9.5(b) is adopted
beside the equivalent circuit-based model (ECM) of lithium-ion batteries for the BSS, the eBus and the
EV batteries. In addition to the SoC, other factors, e.g. the charge/discharge rate, the DoD, the
temperature, and the cycle number, can affect the circuit parameters of lithium-ion batteries [18].
However, it is generally sensible to account the SoC as the main variable to assign the values of
parameters in Fig. 9.5(b), namely VocC / D , R0C / D , R1C / D and C1C / D , and neglect the impacts of other factors,
likewise, the battery parameters during the charging/discharging cycles, as a function of SoC are
extracted from [156].

Figure 9.4. The configuration for the developed simulation platform.

(a)
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(b)
Figure 9.5. a) The single-line diagram of the distribution test system, b) The dynamic model of converters
and the ECM of lithium-ion batteries.
Unlike simplified PQ models with the step-changing of loads, the simulation platform provides both
dynamic and steady-state studies of the operation of power systems, e.g. the dynamic fluctuations of
active power or the short-term voltage variations. The duration of each time-step is equal to 30 minutes
and the resolution for real-time operation is 1 minute. The optimization problems for all the three
sequences of the CDM are solved using the optimization toolbox in MATLAB. The parameters of the
VEH are summarized in Table 9.1.
Table 9.1. The Parameters for the Case Studies
VEH
VEH inverter

346 kW

PV output

114 kW

BSS Capacity

300 kWh

BSS power

300 kW

EV charger

19.2 kW

EV batteries

24-100 kWh

bss
, T2vpp
c/d

T1 pv , T1bss
ev
, T1ev
c/d

0.97, 100 ms
25 ms, 50 ms
0.95, 10 ms

The parking lot includes 18 V2G slow chargers, where the stochastic arrival/departure of different
types of EVs, namely compact, mid-size and full-size cars, are modelled using the queueing theory with
the M/M/c queue, where the first M denotes the EVs’ arrival that is governed by a Poisson process, and
the service times are exponentially distributed, also c is the number of EV chargers. The interarrival rate
of the EVs are extracted from [54], and the number of the EVs that are located in the parking lot follows
the probability function in (9.32), where v is the number of EVs, 1/λt is the mean of inter-arrival times and
1/µt is the mean service time [120].
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The load curve of the EV charging during constant current (CC) mode is replicated using the ECM in
Prt (v) =

Figure 9.5. The same queuing method is used for the integration of eBuses, while the inter-arrival times of
the eBuses are based on the timetable of the bus lines in Sydney and only one fast charger is dedicated to
the replenishment of the eBus batteries. The duration of charge for the constant voltage (CV) mode is
modelled based on the real tests described in [162], [163]. The electrical parameters of the eBus are based
on the electric buses that are currently in operation in Sydney, Australia [161]. The battery capacity of
one eBus is 328 kWh, the eBus regenerates approximately 30% - 40% of the battery capacity through
regenerative braking, and the energy demand of the eBus is around 80 kW per hour [161].
The capacity and the charge/discharge rate of the BSS are chosen to take into account the variance
between the purchased energy and the energy demand to replenish the eBus batteries for the duration of
time-steps for Sequence 1 and the nominal power of the eBus chargers, respectively. The maximum PV
generated power is based on the estimated number of solar cells that can be installed on the rooftop of the
parking lot. The produced power of the PV system is modelled, considering the solar irradiance during a
sunny day in the region of Sydney. To provide the forecast errors of the energy demand of the VEH and
the PV produced energy, their actual values are manipulated randomly as described in [115]. The cost
parameters are derived from [80].
Using the developed simulation platform, the power flow studies in PSCAD are performed based on
the data, e.g. the stochastic connection/disconnection times for the EVs and also the solutions of the
optimization problems, provided by the part of simulation platform developed in MATLAB. Likewise,
the results of power flow studies in PSCAD are available to be used for further studies, in MATAB.
Figure 9.6 shows the charging profile of the eBuses and the actual PV produced power for the VEH
during the scheduling horizon.

Figure 9.6. The charging demand of the eBuses and the PV produced power for the VEH during the
control horizon.
Six scenarios are evaluated to demonstrate the suitability of the proposed CDM including; Scenario a:
the base case when the VEH is not integrated into the test feeder, Scenario b: the case that the VEH is
not combined with the BSS and the CDM-methodology is not implemented, Scenario c: the case that the
CDM-methodology is implemented but without the provision of ancillary services, and Scenario d: the
case that the CDM-methodology is implemented with the provision of ancillary services. For all the
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mentioned scenarios the load profile of the buses, other than the VEH bus, is considered to be constant
during time step  . More extreme scenarios, namely; Scenarios e, f, g, h, and i are also assessed, where
the volatility of RESs and the load changeability of other load buses during the real-time operation of the
VEH are also modelled. Other considerations for scenarios e – h are the same as scenarios a – d, only in
scenario i, the operating point of active power is modified in accordance to (9.24), given the changeability
of the operating point of the power system. The load profile of the buses in the test feeder for scenarios a
– d and scenarios e – i are presented in Figure 9.7.

(a)

(b)
Figure 9.7. The profile of active power for all buses in the test feeder for, a) scenarios a – d, and b)
scenarios e – i.

9.5.1 Energy Management of the VEH
Table 9.2 summarizes the energy cost to the VEH for scenarios b, d, and i.
Table 9.1
The Cost of Energy for Different Scenarios
Scenario

Cost of purchased energy
($)

Cost of BSS energy
($)

Cost of V2G service
($)

Total cost

a

341.64

-0-

-0-

341.64

d

155.39

26.23

19.49

279.08

i

167.11

31.70

24.23

319.94

Cost of BSS per kWh
nominal cycles

($)

$120
10000 cycles

Table 9.2 shows that the total cost is lower when the CDM-methodology is applied for the EM of the
VEH. Also, the cost for the operation of the BSS and the V2G is slightly higher for scenario i due to the
need for the provision of the ancillary service and the variations of the operating points of the power
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system. The cost values in Table 9.2 are without considering the payment from the grid agent for the
support from the VEH as defined in (9.23). Meanwhile, it can be envisaged that the distribution system
providers will also promote the adoption of the proposed CDM by providing other economic incentive
measures for the VEH to maintain the network technical constraints and to obtain the additional benefits
of the proposed VEH for the distribution power networks. Obviously, this can further rationalize the use
of proposed CDM for the VEH and even less cost can be taken into account when the VEH is dedicated
to providing the ancillary services for the grid. The other factor that can further increase the economic
benefits of the proposed CDM is the economical implementation of the CDM for the VEH, the CDM
doesn’t entail powerful microcontrollers or advanced communication networks and it can be implemented
with a low bit rate communications network, as the grid agent can organize the EM-based on the limited
information and the VEH can operate autonomously during the real-time operation.
The variation of the energy of the BSS and the variation of the SoC values for the EVs in the parking
lot are illustrated for scenarios d and i, in Figure 9.8 and Figure 9.9, respectively.

Figure 9.8. The variation of the stored energy in the BSS during the control horizon for scenarios d and i.

(a)
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(b)
Figure 9.9. The variation of the SoC for the EV batteries in the parking lot during the control horizon for
a) scenario d, b) scenario i.
Figure 9.8 shows that the initial and eventual values for the SoE of BSS are approximately the same
and equal to 0.5. This is expected given that eventually the total energy demand of the VEH is purchased
from the energy market and subsequently the total energy variation of the BSS is zero. Moreover,
although the SoE has reached the extreme values during the control horizon, it does not violate the
permissible downward and upward bounds that are specified as 15 kWh and 285 kWh, respectively.
Figure 9.9 shows that all EVs are sufficiently charged at the departure time, moreover, where necessary
the EV batteries provide the V2G operation based on the defined cost function. In scenario i, the level of
eventual SoC is lower than scenario d, which is given the further need for V2G service when the
operating point varies during the real-time operation of the VEH in scenario i.
Irrespective of the implementation of the CDM-methodology, all eBuses are fully charged in the
scenarios, where the VEH and the eBus charger is integrated into the test feeder.

9.5.2 The Grid Support from the VEH
As discussed in Section 6.6, the active and reactive power transfer of the VEH is scheduled using the
supervisory control from the grid agent. Moreover, in the case that the operating point of the power
system and the expected voltages at the PCC of VEH change, the active and reactive power transfer of the
VEH is modified based on the linear curve defined in (9.24) and (9.25). The operational curves for the
V2G service and the RPC using the limited capacity of the VEH inverter are shown for all 48 time-steps
as specified in Sequence 2.

(a)
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(b)
Figure 9.10. The operational curve for, a) the V2G service and, b) the RPC for all 48 time-steps.
In the case that the actual operating point of the grid is identical to the consideration in Sequence 2,
the operating point for the ancillary services is equal to their values pre-specified in that Sequence, which
is shown by the green dots in Figure 9.10. Otherwise, the operating points for the ancillary services will
move on the curve for corresponding time-step based on the PCC voltage as shown in Figure 9.10.
The most intense voltage variations during the control horizon are shown in Figure 9.11 for all
scenarios, the minimum and maximum limits for the voltages along the test system are assigned as 0.95
pu and 1.05 pu, respectively.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
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(i)
Figure 9.11. The most intense voltage variations for all scenarios during the control horizon.
For scenarios a – d, the range of voltages for the critical bus, the bus with the most extreme voltage
variations, are {0.9523,1.0104}, {0.9434, 1.0127}, {0.9498, 1.0091} and {0.9587, 1.0152}, respectively.
Clearly, the voltages violate the permissible limits in scenarios b and c, while even without the provision
of ancillary service the CDM can result in a better voltage profile as shown in Figure 9.11(c) and Figure
9.11(b). Moreover, for scenario d, the voltage deviations are about the base case due to the use of CDMmethodology with the ancillary services, and hence, the effects of the integration of the VEH are well
confined as given in Figure 9.11(a) and Figure 9.11(d). For the more extreme cases replicated in scenarios
e – j, the voltages exceed the permissible limits for all scenarios, where the voltage range are
{0.9175,1.0103},
respectively.

{0.9099,1.0125},

{0.9148,1.0089},

{0.9244,1.0150}

and

{0.9280,

1.0108},

Again, the worst case is for scenario f, which emphasizes the requirement for the

implementation of the proposed CDM for the integration of such VEHs, see Figure 9.11. Interestingly, the
proposed CDM can effectively mitigate the violation of voltage variation, so even a more robust
operation can be obtained for addressing the requirement of the test system. This is because the RPC that
is obtained using the confined capacity of the VEH inverter and also the V2G operation of the EV
batteries in the parking lot, as managed by the proposed CDM-methodology, can result in an even better
voltage profile than the base case, see Figure 9.11(e), 11(f), 11(g), 11(h) and 11(i).
Figure 9.12 shows the power transfer of the VEH for scenarios b, d, and i. Furthermore, the profile for
the active power of the VEH and also the aggregated power at the transformer bus of the studied feeder is
shown in Figure 9.12 for scenarios d and i, during the control horizon, to assess the impacts of the CDM.

Figure 9.12. The active power flow of the VEH during the control horizon.
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(a)

(b)
Figure 9.13. The active power profile for the VEH and the aggregated active power at the transformer bus
for, a) scenario d, b) scenario i.
The volatility of the active power profile of the VEH can be clearly realized in Figure 9.12, this is due
to the stochastic power demand of the eBuses and the parking lot, and also the intermittency of the PV
generation. In that case, the active power of the VEH varies between -118.76 kW and 448.15 kW. Unlike
the significant fluctuation of power in scenario b, because of the implementation of proposed CDM, the
power profile of the VEH is levelled in scenarios d and i.
For every time-step in scenario d, the active power transfer of the VEH is corresponding to the energy
purchased from the electricity market and the power flow approved by the grid agent in Sequence 2 (
pur
pur
). In that case, the V2G operation is only to support the BSS to result in fewer degradation costs.
p
, E

Whilst, in scenario i, the V2G operation supports the power system, where the power demand can be
modified based on the droop curve defined in (9.24). This is realized in Figure 9.13(a) and Figure 9.13(b),
in scenario i, unlike scenario d, when possible, the VEH’s scheduled power is modified during the realtime operation in Sequence 3, to support the power system against the extreme fluctuation of power on
the other load buses.
In both scenarios d and i, the utilization of the CDM-methodology provides the peak shaving and
valley filling considering the aggregated power flow in the test feeder. This causes a smooth power flow
for the VEH as presented in Figure 9.13.
It can be therefore stated that the proposed CDM-methodology can facilitate the EM of the stochastic
demand of the eBuses and EVs and mitigate the intermittency of the PV generation with the use of the
BSS, and the sufficient energy demand of the electric transport hub is provided. Meanwhile, due to the
V2G operation by the EVs in the parking lot and the RPC using the limited capacity of the VEH inverter,
the VEH can effectively support the power system in all extreme scenarios and maintain the grid codes as
defined by the grid agent. The operational energy cost is also decreased for the scenarios. where the CDM
is implemented. It can be therefore stated that the proposed VEH using the CDM can optimize the
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technical and monetary operation for the integration of electric transportation systems combined with
solar PV generation and BSSs. Regarding the technical outcome, the grid agent can realize the scheduled
EM of the VEH and also assign the optimal characteristic for the operating conditions of the power
system, with straightforward structure and without intricate computational or communication systems.
Meanwhile, the VEH agent can operate autonomously during the real-time operation and cope with the
volatility of the power system based on the optimal predetermined set-points from the grid agent. So that
significant fluctuations of the power flow are improved, which is beneficial to the grid stability. Due to
the V2G operation by the EVs in the parking lot and the RPC using the limited capacity of the VEH
inverter, the VEH can effectively support the power system in all extreme scenarios and maintain the grid
codes as defined by the grid agent. Regarding the commercial outcome, the operational energy cost is
decreased for the scenarios, where the CDM is implemented. The proposed CDM can also facilitate the
EM of the stochastic demand of the eBuses and EVs and mitigate the intermittency of the PV generation
and uncertainty of electricity prices with the use of the BSS so that the sufficient energy demand of the
electric transport hub is provided. Moreover, the satisfaction measures of entities, e.g. the sufficient
charging of eBuses and EVs, are also considered.
Given that the focus of the paper is not on the design of topologies and the compensation circuits, and
while practical field studies cannot be carried out at this stage for test hardware, the technical merits of
the proposed CDM can be further assessed using the power hardware in the loop (PHIL), for future
works. This can be achieved by connecting the actual hardware to a real-time simulation platform, where
the hardware consists of the front-end ac/dc converter and several dc/dc converters with common dc bus
topology as shown in Fig. 9.1. In this case, an actual small-scale rooftop PV system, a BSS and
commercial EVs equipped with V2G chargers, (alternatively, bidirectional battery chargers with lithiumion batteries with different capacities), can be used to represent the VEH. The developed simulation
platform, shown in Fig. 9.4, can be also modified to be incorporated as the real-time simulator for the
PHIL to represent the distribution power system, connected to the real hardware for real-time analysis of
the proposed VEH using the CDM.
Different protocols have been currently presented for the provision of V2G using the commercial EVs
[24]. Furthermore, many commercial EVs are equipped with a dc inlet to directly integrate the EVs
batteries to the VEH, without the interface of on-board EV chargers or the restrictions of size and weight.
Therefore, generally, it is conceivable to develop bidirectional chargers to provide bidirectional active
power flow for V2G functionalities [24]. As an example, recently, CHAdeMO has introduced the
communication protocol for V2G [24], hence, the EVs with CHAdeMO charging as a grid service can be
utilized for further assessment and experimental validation of the V2G functionality using PHIL, based on
the proposed CDM. Clearly, even without the V2G function as for grid assistance, the proposed CDM can
still manage the EM using the BSS and provide ancillary service by the RPC using the VEH inverter.

9.6 Summary
The concept of a virtual energy hub (VEH) for the integration of an eBus fast-charging station and an
EV parking lot combined with PV generation and a battery storage system (BSS), has been presented. A
novel three-stage cooperative decision making (CDM) with a straightforward approach has been
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proposed, where the VEH can participate in the power market as a commercial entity, the VEH using the
CDM also facilitates the control of the power system. The EVs in the parking lot and the BSS in the
VEHs can provide the flexibility for the EM and ancillary services, moreover, the remaining capacity of
the VEH inverter can be utilized for VAr compensation, while the uncertainties of the power system and
the feasibility for the operation of the V2G service and BSS are addressed. To evaluate the application of
the proposed CDM, several realistic scenarios are studied, where the stochastic nature of the eBus fast
charging, the power demand of EV parking lot and the satisfaction measures of entities are considered. As
shown in the studied scenarios, when the operation of such VEHs is not managed using the CDM,
extreme fluctuations of VEHs’ power flows are observed and the grid’s permissible operating points are
violated. When the CDM is implemented, the grid agent can organize the EM-based on the limited
information and can take the electrical constraint of the power system into account using an off-line
supervisory control. Meanwhile, the VEH agent can operate autonomously during the real-time operation
and cope with the volatility of the power system based on the optimal predetermined set-points from the
grid agent. As such, the VEH’s power flow is well flattened and the operational cost is decreased,
moreover, the VEH can supply the ancillary services to support the grid during extreme scenarios and
mitigate the voltage problems of the power systems.
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Chapter 10: A Sequential Decision-Making Process for
Optimal Techno-Economic Operation of a GridConnected Electrical Traction Substation Integrated with
Solar PV and BESS
10.1 Foreword
Ensuring the provision of the increasing power consumption and maintaining the power quality (PQ)
are considered to be the major challenges for electrical traction substations (TSSs), due to their dynamic
characteristics, which render their power demand and electrical behavior to be highly complex. Solar
photovoltaics (PVs) and battery energy storage systems (BESS) can be reliable options for integration
with the TSSs, the pre-requisite, however, is to devise appropriate approaches for the demand
management (DM) and maintaining the PQ of such a system. In this chapter, a strategy is proposed for
the optimal techno-economic operation of the TSSs, using a sequential decision-making process (SDMP).
In the first layer, the DM is formulated so that it can address the requirements of the integrated system
(IS) and the uncertainties. The second layer optimizes the limited capacity of the PV/BESS converters for
the mitigation of the unbalances and the reactive power compensation. Moreover, a comprehensive
modelling framework incorporating the SDMP is presented that lends itself to use as a robust platform for
the realistic modelling of the TSSs, BESSs and PV systems. The framework is utilized to demonstrate the
effectiveness of the proposed SDMP for both the DM and improving the PQ of the TSS, which are
validated using different case-studies.

10.2 Nomenclature
A. Sets and Indices Defined for the SDMP
The index/set of time-steps for the optimization horizon.

/


The set of phases (A, B, C).

tss

The index of TSSs.

B. Parameters Defined for the SDMP




The length of each time-step [h].
buy/sell

Electricity purchasing/selling price vectors for the optimization horizon.

 c/d

The charging/discharging efficiency of the BESS converter.

bess
socmin/max

The allowable minimum/maximum SOC for the BESS [%].

S maxpv

The rating power of the PV converter [MW].

con b
Smax

The rating power of the BESS converter [MW].

tss
Smax

The rating power for the operation of the TSS [MW].

Ptsspv,

The produced power of the PV for TSS tss at time-step [MW].

con
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Ptssdem
,

The total power demand of the ER and the station for TSS tss at time-step [MW].

Ptssdem
, 

The total power demand of the ER and the station for TSS tss for phase



at time-step

[MW].
I

The current of phase  for the IS at time-step [A].

is
,

I is,+ / − / 0

The PSC, NSC and ZSC of the injected/absorbed currents of the IS at time-step [A].

I com
,+ / −

The PSC and NSC for the currents of the conceptual shunt compensator at time-step [A].

V ,A

The Phase A voltage at the PCC at time-step [V].

/

24

The last time-step for the optimization horizon/24-hour scheduling.

bess
capini

The maximum capacity of the BESS [MWh]



The linear estimation of the battery life as a function of the charging/discharging cycles.
bess
ini

C

The installation cost of the BESS [$].

C. Variables Defined for the SDMP
Ptssbuy/sell

The decision variable vector for the power purchased from (sold to) the grid.

Ptssbuy/sell
,

The decision variable for the power purchased from (sold to) the grid at time-step [MW].

Ptsspv,

The PV generated power injected in each phase at time-step [MW].



Ptssbess,c/d
,

The charge/discharge power of the BESS at time-step [MW].

Ptssbess,c/d
, 

The charge/discharge power of the BESS for phase  at time-step [MW].

Pmean

The mean value of the aggregated active power profile for the optimization horizon [MW].

bess
soctss
,

The SOC of the BESS at time-step [%].

pv/bess
Qtss
, ,

The reactive power provided by the PV/BESS converter for phase  at time-step [MVAr].

com
Qtss
, 

The reactive power provided by the conceptual compensator for phase  at time-step
[MVAr].

I pcc
,

The current of phase  for the PCC at time-step [A].

I pcc
,+ / −

PSC and NSC of the PCC currents at time-step [A].

I com
,

The phase  current for the conceptual compensator at time-step .

I com
,+ / −

The PSC and NSC of the currents generated by the conceptual compensator at time-step .

com
, AB

The susceptance between phase A and B of the conceptual delta-connected compensator at
time-step .

C

The cost of the purchased power from the grid for the optimization horizon [$].

sell
Ctss

The cost of the IS surplus power sold to the electricity grid for the optimization horizon [$].

deg
Ctss
,

The linear depreciation cost of the BESS at time-step [$].

buy
tss

10.3 Background
As the electric railways (ERs) are being increasingly used, specifically in developing countries, the
energy demand of ERs is continually rising [164], [165]. The solar photovoltaics (PVs) can be a natural
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option for supplying the electric traction substations (TSSs) considering their sharp price reduction. The
solar panels can be installed in the surrounding areas or the rooftops of the TSSs [166]. Scheduling
methodologies and energy management (EM) paradigms are necessary for better integration of the TSSs
and renewable energy generators (REGs). An approach, for the economic operation of ERs merged with
solar PV panels and wind turbines, was proposed in [167], where the uncertainties of renewable energy
are modelled using a scenario tree approach. The energy storage systems (ESSs) including ultracapacitors, flywheels and battery systems are also considered to improve the EM [167], however, the
discussions are only limited to the cost and the energy-saving. A model for the EM of the TSSs, based on
a stochastic mixed-integer linear programming (MILP) algorithm, was formulated in [168]. The model
consists of an ESS, solar PV units, RB energy and the utility grid supplying the railway system. A railway
EM system (REM-S) using a distributed system for the demand management (DM) and the cost
optimization was proposed in [169], considering the control center constraints. A prototype simulation for
the day-ahead (DA) and minute-ahead (MA) optimization has been developed for the REM-S in [169].
The adoption of the model predictive control (MPC) for the EM of tramways with a hybrid powertrain
was proposed in [170]. Similar works on the EM and cost optimization in traction systems can be found
in [171], [172], [173], [174]. A hierarchical control system for the EM and the converter control has been
proposed and validated in [175]. Most studies assume that the ERs are merely energy-consuming units
and neglect the factors such as (i) the unbalanced and the dynamic nature of the ER loads, (ii) the
reciprocal effects of the different components in the TSSs and the impacts of different configurations for
the integration of ERs and REGs, (iii) the sufficiency of the proposed methods for the mitigation of
frequent changes in the power demand while maintaining the PQ of the TSSs. Besides the challenge of
highly dynamic power demand at the TSSs, the inherent nature of the ER loads will result in substantial
power quality (PQ) issues in the TSSs, such as harmonics, voltage deviations and low power factor (PF)
[175], [176]], [177], [178]. Most importantly, traction loads are single-phase consumers that draw a
significant unbalanced current through the traction transformers (TTs) from the three-phase utility grid
and drastically increase the negative-sequence component (NSC) of the load current. The NSC of the load
currents and subsequently the induced current unbalance (CU) and the voltage unbalance (VU) at the
point of common coupling (PCC) of the TSS, affect the operation of the induction motors and converters,
cause malfunction of the telecommunication and signaling systems and increase the power losses in the
power systems [77], [178], [179]. Further, since the TSSs are normally connected to the utility grids with
high voltage levels, the produced current NSCs may damage the upstream generators. As a result, the
NSC of the load current has been considered as one of the most serious concerns for the PQ of the TSSs
[178], [77], [179]. Different approaches have been proposed in [178], [180] - [182] using different
connections of the transformers, such as V-v, YN-vd, Scott and Leblanc-connected transformers, or using
compensation equipment, such as the static VAr compensator (SVC), the static synchronous compensator
(STATCOM), the railway static power conditioner (RSPC) and the active power quality conditioner
(APQC). Ultimately, a variety of factors such as the speed, the stability, the reliability and the total cost
will determine the most suitable approach for the mitigation of the current NSCs. Nonetheless, in general,
most of these approaches entail the installation or modification of the existing components in the TSSs. In
this context, whilst the utilization of REGs seems to be the prevalent technology for supplying the ERs in
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the near future, it would be also beneficial if the capability of the REGs’ converters could be utilized to
help address the PQ issues in the TSSs. To this aim, the converters of both the PV and the battery energy
storage system (BESS) can provide a reactive power control (RPC) to improve the PQ of the TSSs.
This chapter investigates the optimal techno-economic operation of the grid-connected TSSs of an AC
suburban metro-line, integrated with solar PVs and BESSs. The main contributions of this chapter are as
follows:
(I) A sequential decision-making process (SDMP) is proposed for the DM of the unbalanced threephase system and the improvement of the PQ of the TSS, where the first layer is used to optimize the DM
and the second layer is dedicated to the reactive power compensation and the mitigation of current NSCs
at the PCC.
(Ia) In the first layer, the DM algorithm has been formulated based on the MPC, where the DM for the
IS can be effectively achieved despite the forecast errors of the real-time electricity prices, the variable
solar output and the highly dynamic power consumption of the traction loads.
(Ib) In the second layer, a quadratic fitness function has been defined to optimize the limited RPC
capacity of the PV system and the BESS for the mitigation of the current NSCs and the reactive power
compensation at the PCC of the TSS.
(II) A comprehensive traction system modelling framework (TSMF) is presented, which consists of the
sub-models of the main electric components of the ERs, the PV system and the BESS and can replicate
the dynamic characteristic and the unbalance of the system.
(III) An evaluation of the operation of the ER, the PV and the BESS as an integrated system (IS) and
the performance of the proposed SDMP during realistic scenarios are carried out using the developed
TSMF.

10.4 The Proposed Optimal Techno-economic Operation Strategy
The structure for the operation of the IS is illustrated in Figure 10.1. Figure 10.2 shows the TSS with a
2 × 25 kV autotransformer (AT) system that is a common ER feeding configuration and used due to its
ability to reduce power losses and also to allow the distance between substations to be increased.

Figure 10.1. Structure of the information flow between the entities of the IS.
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Figure 10.2. Configuration for the TSS with ATs, integrated with PV and BESS.
In the configuration shown in Figure 10.2, in the case that the adjacent TSSs are connected to different
phases of the power grid with equal traction loads, the overall load would be balanced for every three
TSSs [183], nonetheless, such a condition cannot happen practically. Moreover, for the balancing TTs,
like Scott TT, the current NSC would be only near zero if the loads in both sections of the ER were equal
[184]. In Figure 10.2, the PV power generation can in turn exacerbate the unbalance when the IS inject
the excessive power to the grid through the electric phase with lower power consumption. Hence, in
addition to an approach for the DM of the IS, it is required to mitigate the unbalance at the PCC, as
determined by the utility grid. The proposed optimal techno-economic strategy incorporates an SDMP
that addresses the requirements of the IS controller and distribution system operator (DSO), by the
electricity cost minimization and the IS’s load flattening, also mitigates the current NSC and compensates
the reactive power. Three-phase four-wire inverter is considered for the PV system and BESS so that the
active and reactive power can be controlled for each phase independently [185]. In this section, the first
layer for the DM and the participation of the IS in the electricity markets, and the constraints to provide
the highly dynamic energy demand of the ER are presented. Further, the utilization of the RPC capability
of the IS to minimize the current NSC and the reactive power compensation is discussed.

10.4.1 Demand Management (DM)
The DM of the IS includes two objectives: the first objective function in (10.1) is defined to minimize
the cost of electricity to the IS controller.

1 = Ctssbuy − Ctsssell +  Ctssdeg,
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(10.1a)

buy/sell
Ctss
=   [ buy/sell ][ Ptssbuy/sell ]T

  : Ptssbuy/sell = [ Ptssbuy/sell
,
deg
  : Ctss
, =

Ptssbuy/sell
, +1

... Ptssbuy/sell
]
,

  Ptssbess,d
1 bess
,
Cini   
bess
100
capini

(10.1b)
(10.1c)
(10.1d)

The depreciation cost of the BESS as presented in (10.1d), is specifically adopted to consider the
effects of charge/discharge cycles on the battery lifetime. Whilst, other factors such as the depth of
discharge at the beginning and end of charging/discharging cycles and also the temperature can also cause
the degradation of the lifetime of batteries and the associated cost functions can be defined as well for the
DM [136]. The second objective for the DM is to minimize the active power variance at each phase
individually that can result in a more flattened profile for the aggregated active power and the decrease of
the power system losses [15], as defined in (10.2).

2 = 
=

0



  A, B , C

pv
bess,c
bess,d
mean 2
(Ptssdem
)
,  − Ptss ,  + Ptss ,  − Ptss ,  − P

1

   A, B, C : Pmean =

 (P
=

dem
tss , 

bess,d
− Ptsspv,  +Ptssbess,c
,  − Ptss ,  )

(10.2a)

(10.2b)

0

Using the weighted sum method, the multi-objective function in (10.3) can be defined and solved to
provide the Pareto optimality.

min A = w  1 + (1 − w)  2

(10.3)

where, 0  w  1 is the weighting coefficient.
subject to:
bess,c
  : Ptssbuy, + Ptssbess,d
+ Ptsspv, = Ptsssell, + Ptssdem
,
, + Ptss ,

tss
  : Ptssbuy/sell
 Smax
,

(10.5)

  : Ptssbuy,  Ptsssell, = 0

(10.6)



 = A, B ,C

dem
Ptssdem
,  = Ptss ,

1 con
     A, B, C : Ptsspv,   Smaxpv
3



 = A, B ,C

Ptsspv,



= Ptsspv,

1 conb
     A, B, C : Ptssbess,c/d
 Smax
, 
3
 

(10.4)

bess,d
   A, B, C : Ptssbess,c
,   Ptss ,  = 0



 = A , B , C 

Ptssbess,c/d
= Ptssbess,c/d
, 
,

bess
bess
soctss
= soctss
,
, =

24

(10.7)

(10.8)
(10.9)

(10.10)
(10.11)
(10.12)
(10.13)

bess
bess
  : soctss
,  socmax

(10.14)

bess
bess
  : socmin
 soctss
,

(10.15)
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10.4.2 Current NSCs and Reactive Power Compensation
In the configuration shown in Figure 10.2, a compensation circuit can be connected to the PCC, at the
HV side of the TT, to reduce the unbalance of the TSS. Taking this point into account and given that both
the PV and the BESS converters can provide the RPC, this capability can be implemented for
compensating the current NSCs and the reactive power at the PCC. This service is feasible for both the
PV and the BESS since (i) in the case of PV, the capacity of the PV converter during the time-steps with
no or low solar energy production can be effectively implemented for this service, (ii) in the case of
BESS, the BESS converter can provide the RPC without causing the depreciation of the battery cells or
affecting the main service of the BESS for the DM. To this aim, it can be assumed that instead of the PV
and the BESS converters, a shunt compensator is located at the PCC that can purely generate or absorb
reactive power. In Figure 10.2, the PCC currents and the positive sequence component (PSC) and NSC of
the PCC currents are written as (10.16) and (10.17):
 

is
com
   A, B, C : I pcc
, = I , + I ,

(10.16)

is
com
 I pcc
,+ = I ,+ + I ,+
  :  pcc
is
com
 I , − = I , − + I , −

(10.17)

To obtain the two objectives for the reactive power compensation and minimizing the current NSC, the
quadratic function in (10.18) is defined:
2
is
com 2
  : min B = (Im( I is, + ) + I com
,+ ) + ( I ,− + I ,− )

(10.18)

The equation in (10.19) can be written for the conceptual compensator [137]:
  : Im( I com
, + ) = −V , A  (

com
, AB

+

  : Re( I com
, − ) = −V , A 

3
(−
2

1
  : Im( I com
(
, − ) = −V , A 
2

com
, AB

 

com
, BC

+

com
, AB

−2

com
pv
   A, B, C : Qtss
,  = Qtss ,

+

com
, BC



com
, CA

(10.19a)

)

com
, CA

)

+

com
, CA

(10.19b)
(10.19c)

)

bess
+ Qtss
, 

(10.19d)

From (10.18) and (10.19), the reactive power for each phase of the compensator can be determined,
whereas the following constraints in (10.20) and (10.21) should be fulfilled for the optimization problem.

1 con
 ( Smaxpv ) 2 − Ptsspv, 
3

2

1 conb 2
bess 2
     A, B, C : Qtss
 ( Smax
) − Ptssbess
, 
, 
3

2

     A, B, C : Qtsspv,

2



(10.20)
(10.21)

where, Ptsspv,  and Ptssbess
,  are predetermined for the DM.
To solve the problem in (10.18), it is required to determine the imaginary part of I is and the real and
imaginary parts of I is . The symmetrical components of the IS currents can be achieved using (10.22).
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 I is 
1 1
 is  1 
1 a
I  =
3
2
 I is 

1 a
 

1   I isA 
2
j
 
a 2   I isB  , a = e 3
a   I isC 

(10.22)

Because of the topology of the TSS, it can be presumed that there is no zero-sequence component
(ZSC) in the system [178]. In this case, the alpha-beta transformation can be applied to I

is
,

and I

is
, + / − can

be achieved as described by (10.23) [138].
 

 I is, + 
 is 
 I , − 

is
1 1 j   I , 
1 − j   I is 
2
  ,  

(10.23)

Following the optimizations based on (10.3) and (10.18), the reference active and reactive power will
be assigned for the PV and BESS converters. In the case of the BESS, if a proper level was specified for
bess
the value of socmax
, the BESS would only operate in the constant-current (CC) mode during charging

[53]. Hence, both charging and discharging power can be controlled by regulating the battery current. The
*
reference power at the DC side of the BESS ( Ptssbess* ), the reference battery current ( I bat
) and the measured

battery voltage ( Vbat ) can be represented as (10.24) and (10.25), respectively:
Ptssbess* = c  Ptssbess,c
: charging mode
,
Ptssbess* =

1

d

 Ptssbess,d
: discharging mode
,
*
I bat
=

Ptssbess*
Vbat

(10.24a)
(10.24b)

(10.25)

10.4.3 Implementation of the Sequential Decision Making Process (SDMP)
In layer 1 of the SDMP, given the uncertainties of the ER’s load demand, the produced energy of the
PV and the real-time prices, nonlinear MPC is adopted, through which the forecast errors are addressed as
shown in Figure 10.4 [13], [53]. Accordingly, based on the real-time measured data for the time-step, in
which the demand management (DM) is scheduled, and the updated forecasted data for the remaining
time-steps of the optimization horizon, taking the constraints in (10.4) – (10.15) into consideration, the
optimization problem in (10.3) is solved. The output is the vector of the optimal values for every
optimization horizon, while for each time-step, only the first element of the output vector that is based on
the real-time measurement is assigned for the IS at layer 1. This approach will continue until the end of
the 24-hour scheduling period. The length of each time-step for the MPC,  , is considered to be 1 minute
and the optimization horizon is assigned to be 5 hours (300 minutes). This value is selected so that the IS
controller can have an accurate forecast of the dynamic nature of the system. Meanwhile, it can capture
the different prices and benefits from the vending of energy during different time-steps [13]. Hence,
whilst the decision variable would be only assigned for the time-step with the real-time measurement, the
subsequent behavior of the ER load, the variable output of the PV system and the electricity prices are
taken into account based on the forecasted data. Also, the MPC provides a feedback mechanism against
the uncertainties of the system. It is to be noted that stochastic MPC algorithms could be also
incorporated, for instance, to address different scenarios for solar irradiation, however, it will also
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increase the computational burden. To provide the updated forecast of produced power of the solar PV,
the actual PV produced power has been randomly manipulated so that the normalized root mean squared
error (nRMSE) for each set of the forecasted data for a 24-hour prediction horizon, which is available
before each time-step, would be in compliance with the available forecasting techniques [54], [139].
Specifically, the nRMSE index for the updated forecast of the solar power that is provided for the IS
controller before each time-step would vary between 8.46 % to 12.06 %. The same approach is adopted
for the load demand of the ER, in that case, the IS can forecast the ER load considering the timetable of
the suburban metro-line. In the case of electricity real-time prices, the actual and forecasted values are
extracted according to the information provided by the operator of the electrical grid at the location of the
ER. After assigning Ptsspv,  and Ptssbess,c/d
, I is, would be determined based on the real-time phasor
, 
measurement, in layer 2 of the SDMP. The imaginary part of I is,+ and the real and imaginary parts of I is,−
are then calculated. Subsequently, taking the remaining capacity of the PV and the BESS converters for
the RPC into consideration, the optimization problem in (10.18) is solved for the current time-step.
Accordingly, Qtsspv, , and Qtssbess,, are assigned for the PV and BESS converters.

Figure 10.3. Control diagram for implementing the SDMP for the IS.

Figure 10.4. Schematic for addressing the uncertainties based on the MPC approach.

10.5 Description and Modelling of the Traction System
A TSMF is developed to analyze the electrical characteristics and the monetary operation of the IS, the
TSMF operates by the interface between the MATLAB software package and PSCAD/EMTDC. The
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studied system is based on a TSS described in [140], [165], where 230-kV transmission feeders supply
the loads through a single-phase 63-MVA traction transformer (TT) and transfer power to the two doubletrack sections. Although currently, only 27% of the TT capacity is in operation, according to the
deployment that is in progress, the power demand will exceed 50 MVA in the future [165]. Meanwhile,
given this significant power consumption and the geography of the region, the application of solar PV
panels can be a feasible option to provide the essential energy of the TSS. The capacity of the PV system
is chosen considering the average load demand of the ER, the estimated number of solar panels that can
be installed at the TSS, the generation and the storage capacity of the PV power plants that are
commercially available [141], [183], and the incentive policies for the application of renewable energy
sources at the location of the studied TSS. Generally, the rated power of the BESS can be determined
based on the difference between the average load demand of the ER and the PV produced power. Since it
is necessary for the BESS to store the surplus energy during midday when the generated power of the PV
can exceed the ER load and vice versa, the BESS would discharge its stored energy when the ER load is
notable. The capacity of the BESS has been then specified taking the rated power of the BESS and the
feasibility for technologies and also initial costs into consideration [141].
The description of the different components and the modelling methodology of the traction loads, the
PV and the BESS in the TSMF are presented below.

10.5.1 The Power Supply
The high voltage (HV) upstream power utility is modelled by a three-phase voltage source in series
with the HV grid impedance. The relationships between the currents and voltages for the single-phase TT
shown in Figure 10.5 can be expressed as follows [142]:

Figure 10.5. Equivalent circuit diagram for the TT.

− IC + I F = 2 N  I P

VP = VAB −

1
 Z P  (− I C + I F )
2N

ZG  ( IC + I F ) + 0.5Z S  IC + VC − VR + 0.5VS = 0

(10.26)
(10.27)
(10.28)

where in (10.26) - (10.28), N is the TT’s turn ratio. After rewriting (10.26) - (10.28) and defining

 and Z  are the equivalents of V
Z1 = Z P + Z S and Z 2 = Z S + 4ZG , (10.29) can be obtained, where VAB
P
AB
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and Z P at the secondary side of the TT.
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The parameters related to the analyzed system and also the ratings of the PV and the BESS are
summarized in Table 10.1.

Item
Traction Transformer (TT)

Table 10.1. Ratings of the IS
Description
Rated Power
Rated Frequency
Rated Voltage
Short Circuit Impedance
con

Values
63 MVA
50 Hz
230/50 kV
10.5%

PV

Maximum Power, Smaxpv

7.5 MW, 7.5 MW

BESS

con b
Maximum Capacity, S max

1.5 MWh, 1.5 MW

10.5.2 The Catenary System and Autotransformers (ATs)
The reduced equivalent model was implemented for the development of the catenary system. The ATs
are employed to reduce the voltage drop along the feeding line and also to minimize the electromagnetic
disturbances. The utilized ATs have a turn ratio of 1:1 and the centre tap is connected to the rails to
provide a null point. The locations and the main parameters of the ATs in the modelled system are given
in [140].

10.5.3 The Traction Loads
The train movement shown in Figure 10.6, can be presented as given in (10.30):

Figure 10.6. Schematic of the influencing forces on the train movement.

TET − Fd − MT  g  sin  = M T  a

(10.30)

where, TET is the tractive effort that can be expressed as a function of train’s speed and Fd is the drag
force that is induced by the forces, namely; the friction in the bearings and the aerodynamic forces. The
drag fore is an opposite force to the train’s movement and can be calculated using the Davis equation
[142]. The total energy of train T (ET), from time t1 to time t2 can be presented as (10.31):
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t2

TET (t )  vT (t )

t1



ET = 

 dt

(10.31)

where in (10.31), vT is the velocity of the train and η is the efficiency for converting the electrical power
to the mechanical power for running the train.
Taking into account the timetable of the suburban metro-line besides the headway and the electric
parameters of the trains, the daily load profile of the ER can be obtained. Figure 10.7 shows the daily load
profile of the trains in the studied ER, which is obtained using the equations in (10.30), (10.31) and taking
the parameters and the real measurements at the ER’s TSS into account. Currently, the dynamic brake of
the operative trains is rheostatic for the studied ER.

(a)

(b)
Figure 10.7. The power demand of the trains in the studied ER, (a) Section 1; from east to west, (b)
Section 2; from west to east.
10.5.4 The Photovoltaic (PV) System
Different configurations for the integration of the ERs and solar PVs with power electronic converters
have been economically and technically evaluated in [183]. Amongst them, the configuration illustrated
in Figure 10.2, for the connection of the PV system is the most convenient solution [183]. To determine
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the daily output power of the PV system, the method in [139] is adopted, while the solar irradiance levels
are extracted based on the meteorological data at the region of the studied ER.

10.5.5 The Battery Energy Storage System (BESS)
To replicate the non-linear characteristics of the lithium-ion batteries, the equivalent circuit model
(ECM) shown in Figure 10.8 can be used.

Figure 10.8. The equivalent circuit model for the BESS.
The V-I characteristic of the lithium-ion batteries utilized in the BESS is presented using (10.32):
C/D
C/D
Vbat = Voc − I bat
 ( R0C / D + R1C / D ) + ( I bat
 R1C / D +

soct2
100
Voc = [κ n

=

3600Qr
−t
)  exp( C / D C / D ))
C/D
C1
R1  C1

soct1
1
C/D
 I bat
 t +
3600Qr
100
κ 0 ][ soct n

κ n −1 ... κ1

soct n −1 ... soct1 1]T

(10.32a)

(10.32b)
(10.32c)

C/D
where Voc, I bat
, soct and Qr are the open-circuit voltage, the battery charging/discharging current, the

state of charge (SOC) at time t (t2>t1), and the rating capacity of the battery in [Ah], respectively. The
coefficients ( κ 0 − κ n ), and the degree of the polynomial in (10.32c), also the values of R0C / D , R1C / D , C1C / D
as a function of SOC can be extracted using the datasheet provided by the battery manufacture for the
case studies, which are derived from [156]. The SOC of the BESS generally represents the ratio of the
available capacity to the nominal capacity, however, this may not precisely illustrate the available energy
for the BESS [25], related definitions of BESS states, e.g. state of energy (SOE), state of health (SOH)…,
can be found in [25].
Generally, the response times of the converters are very fast, hence rather than using a detailed model
that comprises all the converter components, e.g. the switches and the filter, the dynamic model of the
converters can be implemented [140]. Similarly, the BESS and PV converters can be modelled as a firstorder transfer function as given in (10.33).
p

(s) =

1
1 + sTcon

(10.33)

The diagram for controlling the charging/discharging power of the BESS is presented in Figure 10.9,
where, a proportional-integral (PI) controller is used to regulate the control variable.

182

Figure 10.9. The control diagram for the BESS active power control.
bess
bess
The values for the time-constant of the BESS DC/DC converter ( Tcon
) and the inverter ( Tcon
), also
1
2

pv
pv
the PV DC/DC converter ( Tcon
) and the inverter ( Tcon
), in addition to the values for the control system of
1
2

the BESS are presented in Table 10.2.

Item
BESS

Table 10.2. Parameters of the BESS and PV Converters
Description
Values
bess
bess
15
ms,
30
ms, 1.04, 209
Tcon
T
, con2 , kP , kI
1

PV

pv
pv
, Tcon
Tcon
1
2

45 ms, 90 ms

10.5.6 Station Loads
The load demand of the station (e.g. lighting systems, air conditioning, signaling systems and other
industrial loads) are modelled based on the method described in [52].
It is worthy to note that the simplifications adopted in previous studies, e.g. modelling the ER using a
converter and an R-L load and the step-changing of the load for replicating the dynamic behavior of the
ER, may not be sufficiently efficacious to evaluate layer 2 of the SDMP. Whilst, the TSMF can be also
extended to experimental hardware implementations by prototyping, e.g. for studies that will be mainly
focused on the compensation circuits technologies. An example of the practicable field implementation of
a multi-MW PV system incorporated with BESS can be found in [141], whereas the decoupled regulation
of active and reactive power components for the PV and the BESS can be practically implemented as
illustrated in [141].

10.6 Results and Discussions
Different case-studies are assessed using the developed TSMF, where for the based case-studies,
namely case-studies a and b, the TSS is not integrated with the PV and the BESS. In all other casestudies, the proposed SDMP is applied for the IS. Furthermore, to evaluate the proposed SDMP for
mitigating the current NSCs and reactive power compensation, all case-studies, except a and b, are
subdivided into two scenarios, for example, case-study c is subdivided into c1 and c2, where the only
difference between these two scenarios is that in the second scenario, e.g. c2, the RPC is also
implemented using the second layer of the SDMP. The minimum and the maximum permissible levels of
the stored energy for the BESS are specified as 0.075 MWh and 1.35 MWh, respectively. Also, the PF of
the electric trains is 0.9 and ηc/ηd are considered to be constant and equal to 0.96 and 0.94, respectively.
Different case-studies are evaluated, in case-studies a, c and e identical to the studied ER, the dynamic
braking for the electric trains is rheostatic, whereas in case-studies b, d and f the electric trains can
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generate the RB energy. The problems in the first and the second layers of the proposed SDMP are solved
using the nonlinear programming solver, fmincon, available in the MATLAB software package. For the
developed TSMF, using an Intel Core i7 processor with 16.0 GB of RAM, the processing time to solve
the optimization problem in (10.3) for the optimization horizon varies between 24.84 sec to 28.90 sec at
different time-steps. Further, for layer 2 of the proposed SDMP that is for minimizing the current NSC
and reactive power compensation, the optimization problem in (10.18) converges to the optimal solution
in less than 0.6 sec. Obviously, the available powerful microcontrollers can provide much higher
computation speed required for the industrial application of the SDMP. Figure 10.10 shows the realized
produced power of the PV system for the summer and winter scenarios that represent a sunny day in July
and a cloudy day in February, respectively.

Figure 10.10. The real produced power of the PV system for summer and winter scenarios.

10.6.1 Case-studies c and d
The PV generated powers for case-studies c and d are based on the summer scenario, as shown in
Figure 10.10, also the initial level of stored energy for the BESS is specified as 0.75 MWh. The power
and the stored energy of the BESS during the daily schedule of the TSS are presented in Figure 10.11 for
case-studies c and d. In Figure 10.11, for both case-studies c and d, during the working times of the ER,
the fast response of the BESS is necessary to address the dynamic power demand of the ER. Whilst, when
the ER is not in operation, the BESS is charged during the late hours with the low electricity prices, in
case-study d, when possible, the limited capacity of the BESS is not only used to absorb the PV surplus
energy, but also to absorb the RB energy, for example during the early hours in Figure 10.11(b). As
assigned in (10.13), the initial and the last levels of the stored energy of the BESS is equal to 0.75 MWh,
see Figure 10.11.
Figure 10.12 shows the active power profile for the electric phases that supply the ER, for case-studies
c and d. In Figure 10.12, given the adoption of the SDMP, the load peaks have decreased for case-studies
c and d, whereas the IS controller can still sell energy during the times with high PV power generation.
Hence, using the first layer of the proposed optimization methodology, the DM of the TSS can be
effectively achieved. For studying the impacts of the uncertainties, as an example, the DM for case-study
c is repeated for the deterministic scenario that actual values of the PV produced power, the ER load and
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the electricity prices are available for the IS controller and the power of the BESS is represented in Figure
10.13. Obviously, such a condition can be never realized in reality.

(a)

(b)
Figure 10.11. The active power and the stored energy of the BESS during the daily schedule of the TSS,
(a) case-study c, (b) case-study d.
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(a)

(b)

(c)
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(d)
Figure 10.12. The active power profile, (a) case-studies a and c for phase A, (b) case-studies a and c for
phase B, (c) case-studies b and d for phase A, (d) case-studies b and d for phase B.

Figure 10.13. The active power of the BESS during the daily schedule of the TSS, based on the actual
and forecasted data for case-study c.
In Figure 10.13, the power demand of the BESS is about the deterministic scenario during the late
hours, when the uncertainty is only because of the electricity prices. Meanwhile, during the dynamic
operation of the ER, because of the MPC, the DM can be also achieved despite the uncertainties, as
shown in Figure 10.11, Figure 10.12 and Figure 10.13.
To evaluate the proposed SDMP for mitigating the current NSCs, the RPC is implemented using layer
2 of the SDMP. The NSC and the current unbalance factor (CUF), as the ratio of the NSC to the PSC of
PCC currents, are illustrated for case-studies c1, c2, d1 and d2 in Figure 10.14.
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(a)

(b)
Figure 10.14. The NSC and CUF for the PCC currents during the daily schedule of the IS, (a) casestudies c1 and c2, (b) case-studies d1 and d2.
In Figure 10.14, the value of NSC reaches the limiting values, specifically during the time-steps with
the high power demand of the ER, which shows the significant impacts of supplying the electric trains on
the PQ of the PCC. The CUF also reaches the extreme values, for instance when the PV generated power
is high, which is due to the disparate production or consumption of power at every phase of the TSS
[140]. Nevertheless, Figure 10.14 shows that when the proposed SDMP is applied, the current unbalance
is well confined for case-studies c2 and d2. This is due to the implementation of the RPC capacity of the
PV and the BESS converters for mitigation of the current NSCs. The profile for the reactive power flow
at the PCC of the TSS is shown in Figure 10.15, to demonstrate the suitability of the proposed
optimization methodology for compensating the reactive power. As demonstrated in Figure 10.15, given
the reactive power compensation for case-studies c2 and d2, a part of the reactive power is provided by
the PV and BESS converters, as scheduled based on the SDMP, whereas the amount of the provided
reactive power will change during different times, for example, this value is limited during the time-steps
with the high PV produced power. It is worthy to mention that in Figure 10.14 and Figure 10.15, the
different values of NSCs and the profile for reactive power in case-studies c and d, are given the operation
modes of the ER that are not the same for the scenarios without and with the RB energy.
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(a)

(b)
Figure 10.15. The profile for the reactive power flow at the PCC during the daily schedule of the IS, (a)
case-studies c1 and c2, (b) case-studies d1 and d2.
Because of the present power demand of the TSS and the connection of the analyzed TSS to the 230kV feeders, the voltage unbalance is not intense for the case-studies. In Table 10.3, the 95% indices for
the PCC three-phase voltage unbalance are given for case-studies a, b, c and d. The voltage unbalance
would not be more than the 95% indices given in Table 10.3, for 95% of the observation time.
Table 10.3. The 95% Values for the PCC Voltage Unbalance
Case-study a
Case-study c1
Case-study c2
0.1242
0.1154
0.1077
Case-study b
Case-study d1
Case-study d2
0.1125
0.1125
0.1048
The operation of the TSS as the IS would not affect the voltage profile at the PCC of the TSS, as
presented in Table 10.3, also for case-studies c2 and d2 the voltage deviations are slightly less intensive.
10.6.2 Case-studies e and f
The PV generated power for case-studies e and f is based on the winter scenario and the initial level of
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stored energy for the BESS is specified as 0.75 MWh. The power and the stored energy of the BESS
during the daily schedule of the TSS are shown in Figure 10.16 for case-studies e and f. Also, the NSC
and the profile for the reactive power for case-studies e1, e2, f1 and f2, are shown in Figure 10.17 and
Figure 10.18, respectively.

(a)

(b)
Figure 10.16. The active power and the stored energy of the BESS during the daily schedule of the TSS,
(a) case-study e, (b) case-study f.
In Figure 10.16, the charging power of case-studies e and f are about case-studies c and d for the times
without the solar PV energy generation, however, the charging power would be different for the
afternoon, since the PV would generate less power for the winter scenario and therefore there is less
surplus energy to be absorbed by the BESS. In that case, the BESS even discharges its energy after hour
14:00 to supply the ER load. Both objectives for mitigating the NSCs of the PCC currents and reactive
power compensation are obtained using layer 2 of the SMDP as presented in Figure 10.17 and Figure
10.18. Whilst, as expected the PV converter has more capacity for the RPC, specifically during the
afternoon, since the PV produced power is lower than the summer scenario. As a result, for case-studies
e2 and f2, the NSCs and reactive power are better compensated during the afternoon and their values are
lower than the NSCs and reactive power for case-studies c2 and d2, see Figure 10.17 and Figure 10.18.
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The capacity of the BESS converter for the RPC depends on the DM of the IS so that the BESS converter
has less capacity for the compensation of the NSCs and reactive power during the times that
charging/discharging of the BESS is necessary.

(a)

(b)
Figure 10.17. The NSC for the PCC currents during the daily schedule of the IS, (a) case-studies e1 and
e2, (b) case-studies f1 and f2.

(a)
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(b)
Figure 10.18. The profile for the reactive power flow at the PCC during the daily schedule of the IS, (a)
case-studies e1 and e2, (b) case-studies f1 and f2.
10.6.4 Case-studies g and h
The impacts of the initial stored energy of the BESS on the operation of the IS are also assessed in
case-studies g and h, while in both of these case-studies, the PV produced power is based on the summer
scenario and the electric trains would not generate the RB energy. The initial levels of stored energy for
the BESS are specified as 0.15 MWh and 1.20 MWh, respectively. The power and the stored energy of
the BESS for case-studies g and h and the NSCs and the profile for reactive power for case-studies g1, g2,
h1 and h2 are shown in Figure 10.19, Figure 10.20 and Figure 10.21, respectively.

(a)

192

(b)
Figure 10.19. The active power and the stored energy of the BESS during the daily schedule of the TSS,
(a) case-study h, (b) case-study g.

(a)

(b)
Figure 10.20. The NSC for the PCC currents during the daily schedule of the IS, (a) case-studies h1 and
h2, (b) case-studies g1 and g2.
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(a)

(b)
Figure 10.21. The profile for the reactive power flow at the PCC during the daily schedule of the IS, (a)
case-studies h1 and h2, (b) case-studies g1 and g2.
As assigned in (10.13), during the daily schedule of the IS, the initial and last values of the stored
energy are the same. To store the required energy to supply the IS in the morning, the BESS would be
initially charged in both case-studies g and h, whereas because the primary SOC is critically low in casestudy g, the charging power would be higher at the beginning. Also, unlike case-study h, where a high
SOC is assigned for the BESS, the BESS would gradually discharge to meet the constraint in (10.13), see
Figure 10.19. Similar to other case-studies, the NSCs are well mitigated and the reactive power
compensation is provided using layer 2 of the SDMP, regardless of the initial levels of the stored energy
of the BESS, as illustrated in Figure 10.20 and Figure 10.21. This is given that even when the BESS
charging/discharging power is high and the remaining capacity of the BESS converter for the RPC is
negligible, the PV converter can still provide the confining of the current NSCs and the reactive power
compensation.
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10.6.5 Electricity Cost for the TSS
The costs of energy for the daily schedule of the TSS for all case-studies, in addition to the levelized
energy cost (LEC) for the PV system for case-studies c, d, e, f and g are given in Table 10.4, whilst w is
assigned as 0.5 for the objective function in (10.3).
Table 10.4. Electricity Cost for the Daily Schedule of the TSS
Case-study a
Case-study b
Case-study c
Case-study d
Case-study e
Case-study f
Case-study g
Case-study h

Energy Cost ($)
13620.94
12763.78
4714.12
3816.29
8463.02
7676.82
4757.52
4669.52

LEC ($)
4573.15
4573.15
2452.03
2452.03
4573.15
4573.15

Net Cost ($)
13620.94
12763.78
9287.27
8389.43
10915.05
10128.85
9330.67
9242.67

As given in Table 10.4, a significant cost saving can be obtained for the IS, also whilst the cost of the
PV generated energy is considered as the LEC, the net costs are still lower for the IS in case-studies c, d,
e, f, g and h. Moreover, as expected the electricity cost is lower when the electric trains can provide the
RB energy in case-studies d and f. Further, the cost saving is much higher for the case-studies based on
the summer scenarios than the case studies based on the winter scenarios. Moreover, as presented in
Table 10.4, the electricity cost is slightly lower for case-study h than case-study g, where the initial level
of the stored energy is high, this is given that the BESS would be mainly charged during the late hours
with the lower electricity prices to meet the constraint in (10.13). Also, clearly for case-study d that is
based on the summer scenario and the electric trains can generate the RB energy the electricity cost is the
lowest. Similar results for the cost reduction have been reported in [167] and [168], however, in these
references, the EM is only to minimize the operational costs of the ERs, without taking other factors, e.g.
the investment expenditure, the depreciation costs of the ESS or the PQ of the TSS, into account. Also in
[167] and [168], the level of ER load and the capacity of the PV system and ESS are lower. Concerning
the effectiveness of layer 2 of the SDMP, during the times that the full capacity of the PV and BESS
converters can be utilized for the RPC, the values of current NSCs and reactive power would be similar to
the results from the references based on compensation equipment [180]. Based on the results from the
case studies, the developed TSMF can replicate the operational modes of traction systems and using such
a framework, the performance of all individual system components can be studied. By using the proposed
SDMP, the electricity cost is reduced and the RPC capability of the PV and the BESS converters can be
efficiently implemented.

10.7 Summary
In this chapter, an optimal techno-economic operation strategy has been proposed for the TSSs
integrated with the solar PV systems and the BESSs. The proposed optimal strategy employs an SDMP
consisting of an MPC-based algorithm for the DM and the compensation of the current NSCs and the
reactive power at the PCC of the TSSs. Moreover, a comprehensive TSMF has been developed for a
realistic study of the TSSs integrated with solar PV systems and BESSs. The electricity cost is assessed
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for different case-studies to evaluate the effectiveness of the proposed optimization methodology for the
cost minimization. Furthermore, using the developed TSMF, the dynamic operation modes of the traction
system have been replicated during each case study and the suitability of the SDMP method has been
validated. As such, based on the case-studies, the PV produced energy, the injected/absorbed power of the
BESS and the RB energy can be efficiently implemented for the DM of the TSSs, whilst the electricity
cost can be minimized and the limited capacities of the PV and the BESS converters can be efficiently
utilized as compensators to reduce the PCC current NSC and to compensate the reactive power at the
PCC of the TSS.
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Chapter 11: General Conclusion and Future Work
11.1 Conclusion
In this research project, the reliability and power quality impacts resulting from the integration of
electric vehicles (EVs), the charging stations and other types of electric transport systems, in the
distribution electric feeders, were investigated using computer simulations and field experiments.
Moreover, a comprehensive framework was developed to model the characteristics of the EVs and other
types of electric vehicular systems when integrated into the distribution grids and to model the interaction
between the electric vehicular systems and the power system components. Subsequently, strategies for the
mitigation of EV’s impacts were devised. Moreover, strategies for the coordination of the integration of
EVs at distribution electric grids were presented and the capability of the proposed strategies to fulfil the
reliability and power quality requirements of power systems were assessed. The devised approaches for
the integration of EVs were shown to satisfy both the technical requirements of the medium voltage (MV)
and low voltage (LV) power systems and also the preferences of stakeholders.
In Chapter 3, an in-house intermediate control unit for the commercial battery chargers to control the
EV charging load was developed and tested. Also, a home charging management system (HCMS) that
employs the developed unit was designed. The impacts of the EVs during the AC charging on the
reliability and power quality of power systems were studied through field measurements. The developed
unit can be readily adapted for direct control of the charging loads of mass-produced EVs without any
modification of the existing recharging equipment. Moreover, in the context of charging management, it
was demonstrated that the electricity cost can be minimized, whilst the preferences of the EV owners are
realized and the PQ of the distribution networks is maintained, concurrently.
In Chapter 4, a charging control system (CCS) using hierarchical decision-making (HDM) was
designed in accordance to IEC 61851, which can be employed for on-board chargers of mass-produced
EVs with few additional pieces of equipment. To study the integration of EVs in the distribution
networks, multi-conductor circuit models were developed. Subsequently, the impacts of charging the EVs
including the voltage deviations, harmonic distortions and the charging cost were thoroughly assessed
through field experiments and simulation-based scenarios. Based on the findings of the case studies, the
developed CCS can effectively improve the voltage quality of the LV systems and minimize the charging
cost of the EVs.
In Chapter 5, the impacts of the integration of EV charging and installed rooftop photovoltaic (PV)
solar panels in residential areas were investigated. Also, an adaptable supervisory control was proposed to
alleviate the voltage variations by distributed active power control and to mitigate the voltage variations
and unbalances using a novel Volt/Var control provided by available loads in the unbalanced four-wire
low voltage distribution networks (LVDNs). The proposed strategy is based on the decoupled
optimization of the active and reactive power which results in reduced computational burden and limited
communication to achieve the optimal operating points of the LVDNs. The stochastic model predictive
control (MPC) was adopted to address the uncertainties of the PVs and the plug-in times of EVs.
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The heterogeneous EV fast charging was modelled using the queuing theory and the effects of the
integration of fast charging stations (FCSs) on distribution power systems were investigated in chapter 6.
Also, consecutive horizon-based energy management (CHEM) was proposed for the optimal commercial
and technical integration of the FCSs. The proposed CHEM process employs a supervisory control that
assigns the optimal control set-points with low complexity and a novel resilient distributed control for the
real-time and autonomous operation of the FCS, to provide both the energy management of FCSs and
active and reactive power control to maintain the grid codes. Using the proposed CHEM, the cost for the
purchase of energy is decreased for all of the FCSs. Moreover, the active profile of the FCSs can be
optimally managed considering the grid constraints, so that the FCSs can follow the optimal operating
point set by the grid operator. The highly dynamic power demand required for the EV fast charging is
smoothed, autonomously, while at the same time the convenience of the EV owners and the technical
constraints of the battery ESS are considered.
The electrical and economic feasibility of a virtual power plant (VPP) comprising commercial loads,
EV parking lots and solar PV units were investigated in Chapter 7. An acquisitive model was developed
for the VPP and the EV charging in the parking lot and both electric and monetary indices were derived
and analyzed for the test system.
Internet of things (IoT) based remote control of EV charging loads was proposed to manage the VPPs,
where the PV power stations are integrated into the LV feeder that serves remote premises in commercial
districts in Chapter 8. Also, an energy management methodology was presented that assigns the economic
planning of energy consumption/production for the VPP and also addresses the electric requirements of
the power system, independently. Furthermore, a smart controller using IoT was proposed to enable the
controlled charging of the EVs. The smart controller can be embedded between the electricity supply
point and the EV without the need for modifying the EV chargers and thereby the EVs can be utilized as
controllable loads (CLs).
In chapter 9, the concept of a virtual energy hub (VEH) for an integrated system that includes batterypowered electric buses (eBus), fast-charging station and an EV parking lot combined with PV generation
and a battery storage system (BSS), was presented. A novel three-stage cooperative decision making
(CDM) with a straightforward approach was also proposed. The VEH with the CDM can facilitate the
control of the power system, meanwhile, the VEH can participate in the power market as a commercial
entity. The EVs in the parking lot and the BSS in the VEHs can provide flexibility for demand
management and ancillary services. Moreover, it was shown that the remaining capacity of the VEH
inverter can be utilized for VAr compensation, while the uncertainties of the power system and the
feasibility for the operation of the vehicle-to-grid (V2G) service and BSS was addressed.
In Chapter 11, optimal techno-economic operation of the grid-connected traction sub-station (TSS) of
an AC suburban metro-line, integrated with solar PVs and battery energy storage systems (BESSs) was
proposed. The proposed optimal strategy employs a sequential decision-making process based on MPC
for the demand management and the compensation of the current NSCs and the reactive power at the
point of common coupling (PCC) of the TSSs. The PV produced energy, the injected/absorbed power of
the BESS and the regenerative braking (RB) energy can be efficiently implemented for the demand
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management of the TSSs and the electricity cost can be minimized. Whilst, the limited capacities of the
PV and the BESS converters can be efficiently utilized as compensators to confine the current unbalance
and to compensate the reactive power at the PCC of the TSS.

11.2 Recommendations and Directions for Future works
General directions for future works can be summarized as follows:
a) Using the experimental setup and the developed control unit in Chapters 3 and 4, the impacts of
different types of EVs, which are compatible with SAE J1772, during slow charging on other power
quality indices, e.g. inter-harmonics and high order harmonics, during different charge levels can be
investigated. Also, besides the dynamic and equivalent battery models, the multi-state ZIP models can be
developed and used in the comprehensive simulation platform for the integration of EVs in the
unbalanced four-wire distribution networks.
b) The application of the proposed control systems in Chapters, 3, 4 and 5 can be extended to be
utilized for peer-to-peer (P2P) energy transfer or the trading of renewable energy between connected
entities. Specifically, instead of the uncontrolled injection of excess PV generated power into the grids,
the customers can benefit from energy transfer at the local level.
To this aim, the control systems in Chapters 3 and 4 are specifically applicable because all participants,
even the customers without renewables or V2G can operate as smart consumers by the utilization of
controllable loads, to purchase the excess energy of other customers. Also, the zero-emission prospects
can be realized for all EVs with conductive chargers based on SAE J1772, given the load shifting and the
supply of EV energy consumption only through renewable energy sources (RESs), e.g. rooftop solar PVs.
c) From a commercial viewpoint, the distributed control described in Chapters 3, 4 and 5 can be
extended to provide the zero-cost energy for the prosumers with high capacity of PV generation. Due to
the local consumption of PV produced energy, other customers can also benefit from lower electricity
cost by trading energy with their neighbors, without the intervention of retailers and based on
compromised prices.
d) From a technical viewpoint, using the supervisory control described in Chapter 5, 6 and 9, the grid
operators can realize and direct the operating points of the power systems for the local energy transfer or
P2P trading, with reduced computational burden, so that the privacy of stakeholders can be retained and
without a need for complex communication systems.
e) For future work, further development of the LoRaWAN hardware as a smart controller as discussed
in Chapter 8 is underway for direct power control and demand side management (DSM) and will provide
laboratory studies for further exploration.
f) The concept of virtual energy hub (VEH) as presented in Chapter 9 can be applied to the commercial
or residential areas with high penetration of renewables and smart loads, without the participation of
fossil fuel energy resources like natural gas and centrally located power stations. As such, the energy
transfer can only be created with renewables and can be provided locally to avoid the additional cost and
the technical difficulties of power transmission from remote generators in power systems.
g) The technical operation of the integrated systems in Chapters 6 and 9 as a grid-connected DC
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microgrid with common DC bus topology can be assessed and the control system can be extended to
regulate the DC bus voltage Also, at the grid level, it can be extended for the incorporation with AC and
DC microgrids, where, consensus-based control can be applied to grid forming and grid supporting
inverters. The feasibility of the proposed control system in Chapters 6 and 9 can be further studied
through prototyping and experimental hardware.
h) The traction system modelling framework in Chapter 10 can be also extended for additional studies
that will be mainly focused on the compensation circuits technologies, using experimental hardware
implementations by prototyping. As an example, the proposed techno-economic control strategy for the
electric traction systems can be applied to other types of unbalanced power systems and the decoupled
regulation of active and reactive power components of the PV and the BESS for the techno-economic
operation of other types of electric vehicular systems can be practically implemented.
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